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I.  INTRODUCTION 

Ever  since  the  concept  of  charge  coupling  was  reported  several  years  ago, 
imaging  with  charge-coupled  devices  (CDDs)  has  constituted  an  area  of  intense 
activity  [1-3].  Visible  imagers  with  full  TV  resolution  have  been  demonstrated 
[4],  While  devices  with  a variety  of  gate  structures,  channel  types,  and  chip 
layouts  have  been  reported,  almost  all  of  these  have  in  common  the  use  of  sil- 
icon as  the  photo-absorbing  material.  Whether  the  photosensitive  region  is 
under  the  shift-register  gates,  under  separate  photogates,  or  at  separate 
photodiodes,  minority  carriers  photoexclted  in  the  silicon  form  the  charge 
packets  to  he  clocked  out.  Since  these  devices  have  basically  the  spectral 
response  and  quantum  efficiency  associated  with  silicon  photodiodes,  they  are 
useful  as  infrared  imagers  to  wavelengths  as  long  as  1.1  urn. 

There  is  considerable  interest  in  imagers  sensitive  to  longer-wavelength 
infrared  radiation.  Imagers  sensitive  in  the  2-  to  3-pm  range  are  useful  to 
the  military  for  viewing  high-contrast  scenes  involving  jet  and  rocket  plumes, 
while  devices  responding  to  radiation  as  far  out  as  4.5  ura  can  image  300K 
scenes  by  their  own  thermal  radiation,  and  are  of  interest  for  industrial  and 
medical,  as  well  as  military,  applications  [5].  Infrared  detector  arrays  which 
accomplish  this  are  already  in  existence,  and,  in  some  cases,  perform  close  to 
their  theoretical  limit.  These  imagers,  known  as  FLIRs  (Forward-Looking 
Infrareds),  contain  linear  arrays  of  cooled  Infrared  detectors  with  mechanical 
scanning.  Their  applications  are  restricted  primarily  by  their  high  cost.  A 
considerable  amount  of  effort  has  gone  into  the  development  of  Vidicon  tele- 
vision camera  tubes  for  use  in  the  infrared,  but  the  technical  problems  en- 
countered are  formidable.  Thus,  an  infrared,  charge-coupled  imager  would  be 
a welcome  device. 

1.  C.  H.  Sequin  and  M.  F.  Tompsett,  Charge  Transfer  Devices t Suppl.  8 for 
Advances  in  Electronics  and  Electronic  Physics  (Academic  Press,  New  York, 
1975). 

2.  W.  F.  Kosonocky  and  J.  E.  Carnes,  RCA  Review  36,  566  (Sept.  1975). 

3.  W.  F.  Kosonocky,  "CCD's — An  Overview,"  Proc.  WESCON,  Sept.  1974. 

4.  RCA  Data  Sheet  SID  51232,  Lancaster,  Pa.,  Jan.  1975. 

5.  Proc.  IEEE,  special  issue,  "Infrared  Technology  for  Remote  Sensing, 

Jan.  1975. 
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There  are  several  approaches  to  the  design  of  infrared,  charge-coupled 
laagers.  Ote  is  the  fabrication  of  charge-coupled  shift  registers  on  materials 
having  the  desired  intrinsic  response  [ 6] . Such  materials  include  InAs,  InSb, 
and  HgCdTe.  Infrared  radiation  would  be  absorbed  in  the  wafer,  generating 
minority  carriers  that  vould  then  be  transported  just  as  in  silicon  devices. 
Unfortunately,  at  the  present  time  the  fabrication  of  such  devices  on  mate- 
rials other  than  silicon  creates  severe  technological  problems.  A second 
approach  is  the  fabrication  of  charge-coupled  shift  registers  on  silicon  wafers 
with  separate  infrared  detectors  prepared  on  the  wafer.  Although  Schottky 
barriers  are  a natural  choice,  photoconductive  films  and  heterojunction  detec- 
tors present  other  possibilities.  A third  approach  is  the  use  of  extrinsic 
silicon.  Since  this  mode  of  operation  requires  the  freeze-out  of  carriers, 
the  device  would  have  to  be  cooled  to  a temperature  considerably  lower  than 
that  required  for  most  other  infrared  detectors.  The  entire  chip  could  be 
frozen  out  as  reported  by  Nelson  [7]  and  the  shift  register  run  in  the  accumu- 
lation mode,  a very  different  mode  of  operation.  Alternatively,  different 
dopants  could  be  used  for  the  detectors  and  for  the  shift  register  so  that 
the  former  would  be  frozen  out  but  not  the  latter.  Such  a device  could  be 
run  in  the  "normal"  depletion  mode. 

A prime  concern  in  the  develoment  of  any  thermal  imager  is  the  large  back- 
ground radiation  present  in  the  thermal  scene.  A typical  requirement  for  a 
thermal  viewer  is  to  make  possible  recognition  of  an  object  at  300. IK  in  a 
uniform  300K  scene.  In  this  case,  the  "signal"  is  the  difference  between 
the  number  of  photons  arriving  from  the  hotter  object  and  the  number  arriving 
from  an  equal  solid  angle  of  the  background.  This  signal  can  be  less  than  1% 
of  the  background,  but,  in  order  to  detect  it,  the  sensor  must  read  the  entire 
background.  It  is  this  requirement  of  handling  the  entire  background  that 
taxes  the  target-storage  and  beam-density  capability  of  standard  Vidicon  tubes 
and  makes  the  solid-state  alternative  so  attractive.  But,  regardless  of  the 
capability  of  the  detector  to  handle  the  background  without  saturating,  the 
presence  of  the  background  severely  aggravates  the  problem  of  detector  non- 
uniformity. If  the  detectors  were  to  vary  in  sensitivity  by  just  a few  percent. 


6.  A.  J.  Steckl  et  al.,  Proc.  IEEE  63,  67  (1975). 

7.  R.  D.  Nelson,  Applied  Physics  Letters  25,  568  (1974). 
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Che  nonuniformities  in  the  picture  due  to  the  background  would  overwhelm  the 
signal  with  fixed-pattern  noise. 

Complicating  the  problem  is  the  fact  that  most  types  of  infrared  detectors 
cannot  be  produced  even  as  uniformly  as  detectors  fabricated  for  the  visible 
part  of  the  spectrum.  Detector  nonuniformity  is  not  a problem  for  visible 
imagers  because  of  the  high  contrast  usually  present  in  the  reflected  visible 
light  from  normal  scenes,  but  it  is  always  a major  consideration  for  thermal 
imagers.  That  is  why,  in  FLIRs,  the  separate  amplifiers  for  the  100  or  more 
detectors  in  the  linear  array  must  be  trinmed  individually  to  compensate  for 
differences  in  detector  sensitivities.  This  compensation  method  contributes 
to  the  high  cost  of  line  scanners  and  is  clearly  impractical  for  an  area 
imager. 

Thus,  for  thermal  area  imagers,  excellent  uniformity  is  an  essential  re- 
quirement. Fortunately,  the  requirement  for  high  quantum  efficiency  can  be 
relaxed  for  area  arrays.  Line  scanners  (FLIRs)  require  reasonably  sensitive 
detectors  to  achieve  background-limited  performance,  but  area  Imagers,  having 
frame  storage,  can  achieve  the  same  quality  of  performance  with  detectors 
whose  quantum  efficiency  is  two  orders  of  magnitude  lower.  Detectors  with 
insufficient  sensitivity  for  scanned  imagers  using  line  arrays  may  still  be 
quite  suitable  for  area  arrays.  Schottky-barrier  detectors  involving  metal 
silicides  are  particularly  uniform  in  photoresponse  [8],  Our  results  here 
show  that  fixed-pattern  noise  of  less  than  1%  is  possible. 

Our  approach  to  the  design  of  infrared-sensitive,  charge-coupled  imagers 
has  been  to  merge  these  two  well-known  technologies,  namely  silicon  charge- 
coupled  shift  registers  and  silicide  Schottky-barrier  detectors,  both  fabricated 
on  silicon  wafers.  The  operation  requires  that  the  majority-carrier  signals 
from  the  detector  be  converted  to  minority-carrier  packets  for  transport  by  the 
shift  registers.  A method  proposed  by  RADC  [9]  for  accomplishing  this  with  the 
help  of  metal-oxide  semiconductor  field-effect  transistors  (MOSFETs)  provided 

8.  F.  D.  Shepherd  et  al.,  "Silicon  Schottky-Barrier  Honolithic  IR-TV  Focal 
Planes, "Advances  in  Electronics  and  Electron  Physics , Vol.  40B  (Academic 
Press,  New  York,  1976),  p.  981. 

9.  F.  D.  Shepherd  and  A.  C.  Yang,  Proc.  Int.  Electron  Device  Meeting, 
Washington,  DC,  Dec.  1973,  p.  310. 
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the  lapetua  for  this  program.  A different  scheme,  however,  was  designed 
into  the  first  line  array,  a three-phase,  slngle-aetal  device.  Developed 
at  RCA  Laboratories,  this  aethod  [10]  asde  possible  background  subtraction 
at  each  detector.  But  experlaents  with  the  device  showed  that  background 
subtraction  was  not  needed.  Indeed,  superior  perforaance  was  obtained  with 
a simplified  aethod  of  operation  referred  to  here  as  the  "Vldlcon  node,"  in 
which  the  background-subtraction  circuitry  is  Ignored.  Our  second  chip  had 
its  aajor  device,  a 25x50  area  array,  desired  specifically  for  Vidlcon-ax>da 
operation.  A 62-eleaant  line  array  was,  however,  included  on  this  chip  to 
make  experiments  on  other  aethods  of  operation  possible. 


10.  B.  F.  Williams  and  W 


F 


Kosonocky, 


U.S.  Patent  3,845,295,  Oct.  29, 


1974. 


II.  SCHOTTKY-BARRIER  DETECTORS 


*| 


A.  SCHOTTKY-BARRIER  DIODES 

A simple  Schott ky-barrler  device  Is  shown  in  Fig.  1(a),  consisting  of  a 
metal  film  evaporated  onto  a semiconductor  wafer  through  a hole  in  an  Insulator. 
The  device  has  electrical  characteristics  similar  to  those  of  a p-n  junction, 
its  characteristics  depending  upon  the  barrier  height  at  the  Interface  in  much 
the  same  way  that  the  characteristics  of  the  p-n  junction  depend  upon  the 
bandgap.  The  barrier  height  itself  depends  upon  the  choice  of  metal,  as  well 
as  the  choice  and  polarity  of  the  semiconductor.  Its  value  is  nearly  inde- 
pendent of  semiconductor  doping  and  minority-carrier  lifetime.  A reverse- 
biased  Schottky-barrier  diode  exhibits  dark  current  both  from  thermally  gen- 
erated minority  carriers  in  the  semiconductor  being  collected  by  the  metal, 
and  from  majority  carriers  in  the  metal  being  thermally  excited  over  the 
barrier  into  the  semiconductor.  Since  the  barrier  height  in  any  detector  of 
interest  to  us  is  smaller  than  half  the  bandgap  of  silicon,  the  latter  pro- 
cess dominates.  Similarly,  the  device  can  act  as  a photodetector  by  absorbing 
light  either  in  the  semiconductor  or  in  the  metal.  In  the  former  case,  photo- 
excited  carriers  in  the  semiconductor  are  collected  at  the  interface,  and  the 
spectral  response  is  similar  to  that  of  a p-n  junction.  In  the  latter  case, 
carriers  are  photoexclted  over  the  barrier  from  the  metal  to  the  semiconductor; 
there  they  become  majority  carriers.  The  quantum  efficiency  in  this  case  is 
relatively  low,  but  the  response  extends  to  photon  energies  as  low  as  the 
barrier  height,  a value  that  can  be  considerably  smaller  than  the  bandgap. 

The  light  to  be  detected  by  this  process  can  be  incident  through  either  the 
semiconductor  or  the  metal.  If  it  is  to  be  through  the  metal,  the  metal  must 
be  thin,  and  the  uniformity  of  response  is  critically  dependent  upon  the 
uniformity  of  the  metal  thickness.  With  light  incident  on  the  semiconductor, 
however,  absorption  takes  place  at  the  interface  regardless  of  metal  thickness, 
and  a thick  layer  of  metal  ensures  uniformity.  The  semiconductor  need  not  be 
thinned  since  it  is  transparent  in  the  spectral  region  of  interest.  Since 
the  spectral  yield  in  this  mode  depends  almost  entirely  on  the  absorption 
process  in  the  metal  and  transport  over  the  barrier,  the  sensitivity  is 
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Figure  1.  Schottky-barrier  detectors:  (a)  without  guard  rings  and 
(b)  with  guard  rings. 

almost  independent  of  such  parameters  as  semiconductor  doping  and  minority- 
carrier  lifetime,  thus  eliminating  major  sources  of  nonuniformity  in  semi- 
conductor detectors.  It  is  for  this  reason  that  an  array  of  Schottky-barrier 
detectors  is  potentially  much  more  uniform  in  response  than  other  types  of 
semiconductor  detectors  and  la  probably  limited  in  uniformity  by  the  accuracy 
of  the  photolithographic  process  defining  the  boundaries  of  the  detectors. 
There  is  experimental  evidence  that  this  is  so  [8].  For  these  reasons,  we 
chose  to  use  Schottky-barrier  detectors  and  to  Illuminate  them  through  the 
substrate.  For  our  detectors,  we  chose  silicldes  formed  with  palladium  or 
platinum  on  p-type  silicon. 

Palladium  and  platinum  are  metals  that  react  chemically  with  silicon 
to  form  silicldes  having  metallic  properties.  The  actual  Schottky  barrier 
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is  therefore  between  the  silicon  substrate  and  the  silicide  film  formed 
beneath  the  original  silicon  surface.  One  advantage  of  this  reaction  is 
that  surface  oxides  and  other  contaminants  cannot  influence  the  barrier  as 
they  could  if  the  barrier  were  between  silicon  and  a nonreacting  metal. 
Another  advantage  is  that  the  excess  metal  can  be  removed,  by  etching,  and 
the  device  contacted  with  a more  conventional  metal  such  as  aluminum. 

B.  PHOTORESPONSE 

Schottky-barrier  detectors  operating  in  the  internal-photoemlssion  mode 
have  their  quantum  efficiency  given  by  [8] 


QE(v)  - — 


(hv-q^s) 


where  hv  is  the  photon  energy,  q is  the  charge  on  an  electron,  and  is 
the  metal-semiconductor  barrier  height  in  volts.  The  equation  is  written 
so  as  to  make  the  constant  expressed  in  reciprocal  electron  volts,  as 
it  is  usually  found  in  the  literature.  This  equation  is  valid  only  when  the 
photon  energy  is  greater  than  the  barrier  height, 

hv  > qif>  ^ 


and,  in  the  case  of  illumination  through  the  wafer, 

hv  < qE  (3) 

H 8 

where  E^  is  the  bandgap  of  silicon. 

Photons  with  energy  greater  than  the  baiidgap  of  silicon  will  be  absorbed 
in  the  silicon  and  will  generate  minority  carriers  that  can  be  collected  at 
the  metal.  This,  however,  is  not  the  desired  mechanism,  and  in  any  case  will 
not  be  Important  for  300K  thermal  Imaging. 

The  spectral  response  of  the  Schottky  diodes  was  measured  [11]  by  means 
of  a modified  Perkin-Elmer+  Model  98  monochromator.  In  this  apparatus,  the 
output  beam  was  split  into  two  equal  path-length  beams.  One  illuminated  the 

tKade  by  Perkln-Elmer  Corp. , Norwalk,  Conn. 

11.  R.  W.  Taylor,  et  al.,  "Schottky  IR-CCD's,"  Proc.  IRIS  Detector  Specialty 
Group  Meeting,  22-24  March  1977,  Air  Force  Acad.,  Colorado  Springs,  Col. 
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sample  under  teat,  and  the  second  illuminated  a calibrated  thermocouple.  By 
use  of  the  ratio  of  t;he  diode  response  to  the  thermocouple  response,  the  ef- 
fects of  source  envelope  and  atmospheric  attenuation  were  eliminated  from  the 
measurement.  The  resulting  data  are  then  presented  as  a modified  Fowler  plot 
to  determine  both  and  Typical  data  for  a palladium  sillclde  diode 

are  shown  in  Fig.  2. 


Figure  2.  Spectral  response  of  Pd2Sl  Schottky  diode  (hv  and 
are  expressed  in  electron  volts). 


C.  SCHOTTKY-BARRIER  DARK  CURRENT 

Dark  current  is  of  fundamental  concern  to  us  since  the  uniformity  of  re- 
sponse of  Schottky-barrler  detectors  would  be  lost  if  this  current  were  signif- 
icant and  variable  'among  detectors  in  the  array.  A large  dark  current,  even  if 
uniform,  would  be  intolerable  because  it  would  fill  the  wells.  The  theoretical 
dark  current  of  an  infrared-sensitive  Schottky-barrier  detector  is  due  almost 
entirely  to  the  internal  thermionic  emission  of  carriers  from  the  metal  over 
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the  barrier  into  the  semiconductor.  The  current  density  for  this  process  is 
given  by  [12] 

J - A*T2  exp (4) 

it  2 

where  A is  about  32  A/cm  , is  the  barrier  height,  q is  the  electronic 

charge,  k is  Boltzmann's  constant,  and  T is  the  detector  temperature. 

Theoretical  dark  currents  are  compared  in  Table  1.  With  ib  equal  to  0.35  V 

ms 

for  a palladium  silicide-to-p-silicon  barrier  at  77K,  the  predicted  current 

—18  2 2 

density  is  2.4x10  A/cm  ; at  300K,  it  would  be  3.8  A/cm  . This  must  be 

compared  with  the  charge-storage  capability  of  the  CCD.  For  our  three-phase 

2 2 
array,  the  detector  area  is  4.5  mil  , while  the  CCD  gate  area  is  2.5  mil  . 

The  capacitance  of  the  gate  oxide  is  0.1  pF/mil2  - 10-1^  F/rail2.  Thus,  the 

-12 

capacitance  of  our  gate  is  0.25x10  F.  The  charge  that  would  cause  the 

-12 

surface  potential  under  the  CCD  gate  oxide  to  change  by  1 V is  0.25x10  F 
—12 

x 1 V ■ 0.25x10  C.  If  the  frame  time  is  1/30  s,  the  dark  current  at  the 

-12 

Schottky  barrier  needed  to  produce  this  charge  is  0.25x10  C/(l/30)  s - 

-12 

7.5x10  A.  Thus,  the  current  corresponds  to  a current  density  at  the  Schottky 
barrier  of  7.5xlO-12  A/4.5  mil2  - 7.5xl0-12  A/2.8xlO~5  cm2  « 2.7xl0-7  A/cm2. 

Taking  a 1-V  swing  at  the  CCD  interface  as  the  maximum-tolerable  dark  signal, 
we  have  0.27x10  A/cm  as  the  maximum-tolerable  dark-current  density  at  the 
Schottky  barrier.  Thus,  it  is  clear  that  our  device  cannot  possibly  operate 
at  room  temperature;  at  77K,  however,  the  calculated  dark  current  is  below  the 
maximum- tolerable  amount  by  a factor  of  more  than  10*®.  For  platinum  sillclde, 
the  margin  is  smaller  but  still  sizable.  For  the  dark  current  to  be  kept  this 
small  in  practice,  however,  care  must  be  taken  to  prevent  surface  channeling, 
and  in  some  cases,  to  reduce  field  concentration  at  the  edges.  Test  devices, 
made  early  in  the  program,  illustrated  these  problems.  (See  Semiannual  Tech- 
nical Report,  14  January  1974  (AFCRL-TR-74-0056) . ) Our  CCDs,  however,  had 
channel  confinement.  Furthermore,  the  Inverted  surface  present  in  p-Sl  acted 
to  reduce  the  field  concentration  at  the  edge.  Guard  rings,  illustrated  in 


12.  S.  Sze,  Physics  of  Semiconductor  Devices  (Wiley- Inter science.  New  York, 
1969). 
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Fig.  1(b),  were  designed  Into  the  second  mask  set,  but  good  results  were  ob- 
tained with  CCDs  lacking  that  feature.  Palladium  silicide  detectors  in  partic- 
ular were  reverse-biased  to  several  volts  without  excess  dark  current.  Results 
presented  later  show  that  in  IR-CCDs  run  at  temperatures  high  enough  to  cause 


observable  dark  current, 

t 

the  dark  currents  in 

the  array  were  remarkably  uniform. 

The  area-array  chip  had 

several  test  devices  for  measuring  detector  dark  current 

including  a storage  test 

device. 

Results  with 

this  test,  discussed  later, 

show  storage  time  on  the 

order  of 

1 s,  corresponding  to  a dark  current  of 

16xl0"9  A/ cm2. 

TABLE  1.  SCHOTTKY-BARRIER  DARK  CURRENT  AT  THREE  TEMPERATURES 

2 

Current  Density  A/cm  and 

Number 

of  Carriers 

Temperature 

3.54-um 

4.5-ura 

(K) 

PdjSi 

PtSi 

77K 

2.4  x 10~18 

4 x 10“13 

(«1) 

(2) 

90K 

5.9  x 10“15 

2.0  x IQ"10 

(«1) 

(1049) 

100K 

7.5  x 10-13 

8.0  x 10"9 

(4) 

(4.2  x 10*) 

These  values  were  calculated  from  the  Richardson  equation  with 

A ■ 32  A/cm2 (K) 2 for  holes  in  silicon  [13],  The  numbers  in 

parenthesis  represent  the  number  of  carriers  accumulated  in 

-5  2 

30  ms  in  a detector  of  area  2.8x10  cm  . 


13.  J.  M.  Andrews  and  M.  P.  Lepselter,  Solid-State  Electron.  1J, 
1011  (1970). 
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III.  INFRARED  PERFORMANCE  ANTICIPATED  FROM  SCHOTTKY-BARRIER  ARRAYS 


The  response  of  Schottky-barrier  detectors  to  thermal  radiation  has  been 
reported  by  Shepherd  et  al.  [8]  and  by  Kohn  et  al.  [14].  The  spectral  radiance 
emitted  by  a thermal  radiator  per  frequency  Increment  Is  [IS] 

L” ' 71  ^v7ff3—  („*)  (1)  (HI)  (5) 

The  spectral  photon  radiance  Is  then 


2_ 

2 

c 


^ehv/kT  - n 


(6) 


The  spectral  incidence  of  photons  Is  given  by  the  same  expression  with  the 
background  temperature  T^  In  place  of  T.  Thus,  the  number  of  carriers  generated 
in  a detector  of  area  A in  time  t^  Is  given  by 


00 

"b  - / VAt.  (^)dv  <7> 

V 

ms 


where  QE(v)  is  the  spectral  quantum  efficiency  of  the  detectors,  and  the  ex- 
pression in  parenthesis  converts  from  steradians  to  focal  ratio  F.  For 
Schottky-barrier  detectors,  the  integral  is  taken  from  the  cutoff  frequency. 


v 

ms 


(8) 


14.  E.  S.  Kohn  et  al.,  "Infrared  Imaging  with  Monolithic,  CCD-Addressed 
Schottky-Barrier  Detector  Arrays:  Theoretical  and  Experimental  Results," 
in  Proc.  Int.  Conf.  on  the  Application  of  Charge -Co up led  Devices, 

San  Diego,  Cal.,  1975. 

15.  RCA  Electro-Optics  Handbook,  EOH-11  (RCA  Commercial  Engineering,  Harrison, 
N.J.,  1974),  p.  36. 
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Co  Che  cuCoff  of  silicon,  buC  little  accuracy  is  lost  in  Caking  ic  Co  infiniCy 
because  Che  exponencial  Cara  becoaes  negligible.  Wich  Che  approximaCion 


ehv/kTb 


» 1 


(9) 


and  wich  Che  expression  for  Che  quanCua  efficiency  of  a Schottky-barrier 
deCecCor 


QE 


C!  (hu  ~ q»na)2 
q hv 


(10) 


or 


where 


"At.cikV  ("at  + 

,c2r2h3  V kTb  ) 


nb  - 2.7  x 1010  ACgC1Tb4(po  + 3)  e_lio 

q4<  11,609  * 

ms  ®8 


(ID 


(12) 

(13) 


All  quantities  are  in  mks  units  except  C^,  Che  detector  efficiency  factor,  which 
is  reported  in  the  literature  in  reciprocal  electron  volts.  The  first  q in 
Eq.  (10)  accounts  for  this.  The  quantities  are  defined  in  Table  2.  The  values 
in  the  table  are  for  our  line  array  with  PtSi  Schottky  barrier.  With  these 
values. 


n.  - 3.8  x 105  carriers 
D 

Thus,  the  stored  charge  is 

Qb  - qnb  - 1.6  x 10”19  C x 3.8  x 105 
- 6.0  x 10"U  C 


(14) 


(15) 
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TABLE  2.  QUANTITIES  USED  IN  CALCULATIONS 


Speed  of  light 
Planck's  constant 
Boltzmann's  constant 


Electron  charge 


Area  of  detector 


Area  of  gate 

Detector  QE  factor 

Capacitance  of  floating 
diffusion 

Focal  ratio  of  optics 
Spectral  radiance 
Spectral  photon  radiance 


3 x 10  m/s 
6.626  x 10  3^  J * s 
1.38  x 10"23  J/K 

1.602  x 10~19  C 

-9  2 
2.8  x 10  m 

-9  2 

10  m 


0.1  eV 

0.5  x 10-12  F 


W/(m  ) (sr) (Hz) 
1/ (m2) (sr) (Hz) 


Number  of  background  carriers 
Detector  nonuniformity 


Combined  electrical  noise 


Number  of  transfer  gates 
Density  of  fast  traps 


Storage  time 


. 1fl10  -2  -1 
4 x 10  cm  eV 

33.3  x 10~3  s 


Background  temperature 


Detector  temperature 
Loss  per  transfer 


5 x 10 


Schottky-barrier  height 


0.275  eV  for  PtSi:p-Si 


0.35  eV  for  Pd2Si:p-Si 
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The  output  signal  is 


Vcfd 


6,0  X 10_Y2-  * °*12  v 
0.5  x 10  ** 


(16) 


The  calculated  288K  background  photoresponse  Is  plotted  as  a function  of 

Schottky-barrier  cutoff  wavelength  in  Fig.  3.  These  data  were  calculated  for 

' 2: 

a proposed  higher-density  array  with  1-mil  detectors  and  a 0.2-pF  floating 
diffusion,  but  are  otherwise  consistent  with  the  previous  calculation,  arrived 
at  by  means  of  the  10X  eV~*  curve. 

The  contrast  (per  kelvin)  is  given  by 


(17) 


The  equation  is  plotted  as  a function  of  cutoff  wavelength  Xc  in  Fig.  4,  for 
a background  temperature  of  288K(15SC).  A 288K  background  detected  by  PtSi 
Schottky  barriers  has  4.7X  per  K contrast.  Thus,  a difference  of  one  kelvin 
produces  a signal  of  about  19,000  carriers.  The  shot  noise  is  on  the  order 
of  620  carriers.  Other  noise  sources  [16(a,b)]  are  shown  in  Table  3.  Thus, 
good  temperature  resolution  is  possible,  but  only  if  the  electrical  noise 
sources  are  kept  near  the  theoretical  limit.  The  margin  can  be  improved  with 
a longer  integration  time. 

The  noise-equivalent  temperature  NEAT  is  a measure  of  the  temperature- 
resolving capability  of  the  retina,  and  is  defined  as 


NEAT  - n /yn. 

n b 


(18) 


16.  J.  E.  Carnes  and  W.  F.  Kosonocky,  RCA  Review  (a)  _31»  327  (1972);  (b)  33, 
607  (1972). 


TRAST  < K 


TABLE  3.  IR-CCD  THERMAL  RESPONSE,  NOISE  SOURCES, 
AND  NOISE-EQUIVALENT  TEMPERATURES 


Cathode  Material  Pd^Si  PtSi 


Cutoff  wavelength 

X 

c 

3.54  pm 

4.5  pm 

Background  response 

% * qs(V 

2.3  x 104 

3.8  x 

105 

Contrast 

Y 

6%/K 

5%/K 

Signal  for  AT^-IK 

Ynb 

1.4  x 103 

1.9  x 

4 

10 

Photoelectron  shot  noise 

1.5  x 102 

6.2  x 

io2 

Bac kg round -c ha r ge 
incomplete-transfer  noise 

/2eNn^ 

6.8  x 101 

2 

2.8  x 

io2 

Fast  interstate  trapping 
noise 

/l.4kTNN  A 
ss  s 

8.8  x 10 

8 .8  x 

io2 

Floating-gate 

reset  noise  (Cf{j  in  pF) 

200  *''(’77 

id 

1.4  x 102 

1.4  x 

C<4 

o 

H 

Combined  noise 

n 

n 

9.2  x 102 

1.1  X 

io3 

Noise-equivalent 
temperature  T^ 

Vn 

0.67K 

0.06K 

Tn  degraded  by  0.5% 
photoresponse  spatial 
nonuniformity  nf 

(nn  +nf) 

Ynb 

0.67K 

0.12K 

*The  terms  used  In  this  table  are  defined  in  Table  2. 
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This  Is  simply  the  increase  in  background  temperature  required  to  increase 
the  output  signal  by  an  amount  equal  to  the  rms  electrical  noise  n^  on  the 
signal.  The  calculated  NEAT  of  our  three-phase  line  array  is  shown  in  Fig.  5 
as  a function  of  detector  cutoff  wavelength  for  a 288K  background.  Electrical 
noise  of  2000  electrons  per  packet  is  assumed.  For  PtSi  on  p-Si,  an  NEAT  on 
the  order  of  0.1K  is  predicted.  This  does  not  take  fixed-pattern  noise  into 
account. 

The  various  signal  levels  and  noise  sources  are  presented  in  Table  3 for 
Pd^Si  and  PtSi  on  p-Si  detectors.  Here  the  results  of  Carnes  and  Kosonocky 
[16(a,b)]  were  adapted  to  our  infrared  signal  levels  and  cryogenic  temperatures. 
Fixed-pattern  noise  was  brought  in  by  assuming  0.5%  spatial  nonuniformity  as 
observed  in  our  better  Pd  line  arrays. 

Examination  of  Table  3 shows  that  the  dominant  noise  mechanism  is  fast 
interstate  trapping.  If  we  use  bur led -channel  rather  than  surface-channel  CCD 
technology,  this  noise  mechanism  would  become  negligible.  The  change  in  tech- 
nology would  result  in  a threefold  improvement  of  Pd2Si-array  sensitivity, 
and  in  a background-limited  performance  for  the  PtSi  arrays.  Further  sensitiv- 
ity improvements  would  be  obtained  by  reducing  the  floating-gate  capacitance 
and,  in  the  case  of  the  PtSi  array,  by  reducing  photoresponse  nonuniformities. 
The  noise-equivalent  temperatures  given  in  Table  3 indicate  expected  performance 
at  short  range.  At  long  range,  atmospheric  absorption  would  seriously  degrade 
the  Pd2Si  performance. 
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IV.  IR-CCD  DESIGN  CONSIDERATIONS 

A.  CHARGE-COUPLED  SHIFT  REGISTERS 

The  first  64-element  infrared-charge-coupled  device  (IR-CCD)  was  made  with 
a three-phase,  single-metal,  CCD  structure,  illustrated  in  Fig.  6(a).  At  the 
beginning  of  this  contract  the  single-metal  CCD  technology  [1,3]  represented 
the  roost  expedient  process  for  proving  the  feasibility  of  Pd^Si  and  PtSi 
Schottky-barrier  IR-CCDs.  The  second  design  (the  25x50  element  array)  was 
done  with  the  four-phase,  double-polysilicon,  CCD  technology  illustrated  in 
Fig.  6(b).  The  sealed-channel,  overlapping-gate  CCD  represents  the  present 
state-of-the-art  CCD  process  with  stable-  and  high-performance  operation  [16]. 
Such  surface-channel  CCDs,  operating  with  about  10%  bias  charge  ("fat  zero"), 
have  typical  transfer  losses  of  about  10  per  transfer  [16(c)].  However, 
the  overlapping-gate,  buried-channel  CCD  can  be  made  with  a transfer  loss  of 
only  about  10~  even  when  operating  without  the  bias  charge  [2].  Another 
important  advantage  of  double-polysilicon  CCD  construction  is  that  the  addi- 
tional metallization  levels  permit  a more  compact  layout  for  the  two-dimensional 
IR-CCD  array. 

Although  the  devices  made  under  this  contract  had  only  surface-channel  CCDs, 
the  mask  set  included  the  option  for  fabricating  buried-channel  CCDs  with 
8ur face-channel,  on-chip,  floating-diffusion  amplifiers. 

B.  CCD  OPERATION  WITH  SCHOTTKY-BARRIER  DETECTORS 

The  operation  of  charge-coupled  shift  registers  is  described  with  refer- 
ence to  our  three-phase,  single-metal  design.  The  structure  used  for  coupling 
the  Schottky-barrier  detectors  to  the  charge-coupled  shift  register  is  shown 
in  Figs.  7 and  8.  A row  of  Schottky-barrier  metallizaticr.s  is  seen  in  the 
center  of  the  chip.  The  center  area  of  each  metallization  contacts  the 
p-wafer  forming  the  infrared-sensitive  area.  Each  metallization  also  contacts 
individual  charging  and  transfer  diffusions.  The  transfer  gate  overlaps  the 
transfer  diffusions  and  can  couple  them  individually  to  the  phase-1  gates  of 
the  shift  register.  The  phase-1  gates  are  wider  than  the  other  shift-register 

16.  (c)  W.  F.  Kosonocky  and  J.  E.  Carnes,  RCA  Review  34,  164,  (73). 
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Figure  6.  Tvo  types  of  charge-coupled  structures;  (a)  single-metal  CCDs, 
and  (b)  sealed-channel  CCDs  In  the  form  of  a double-polysilicon 
gate  structure. 
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Figure  8.  Electron  potential-energy  profile  of  IR-CCD  during  operation: 

(a)  cross  section  of  device;  (b)  potential  profile  during 
operation  in  the  Vidicon  mode;  (c)  potential  profile  during 
operation  in  the  background-subtraction  mode.  (Some  details 
were  omitted  to  aid  clarity.) 
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gates  for  juat  this  reason.  The  charging  gate  on  the  left  of  the  detectors 
overlaps  the  individual  charging  diffusions  and  can  couple  them  all  at  once 
to  the  charging-bus  diffusion.  A channel-stop  diffusion  at  the  right  termi- 
nates the  shift-register  channel,  as  shown  in  the  illustration.  The  shift- 
register  gates  are  connected  to  three-phase  busses  to  the  right  of  the  channel 
(not  shown  in  Fig.  7).  Strips  of  channel  stop,  also  not  shown  in  the  illus- 
trations, are  included  between  the  detectors.  They  run  from  under  the  charging 
gate  to  under  the  transfer  gate  to  prevent  coupling  between  adjacent  detectors 
or  between  adjacent  charging  and  transfer  diffusions.  Such  coupling  could 
occur  because  of  the  inverted  surface  at  the  Interface  of  the  p-silicon  and 
its  oxide. 

The  structure  shown  can  be  operated  in  two  different  modes:  the  Vidlcon 
mode,  and  the  background-subtraction  mode.  A device  designed  for  use  in  the 
Vldicon  mode  does  not  require  the  charging  gate  or  the  charging  diffusion.  If 
these  features  were  included  in  the  device,  the  charging  gate  could  simply  be 
biased  negatively  and  Ignored.  The  three-phase  clock  voltages  are  applied  to 
the  shift-register  gates.  At  some  time  in  the  cycle,  when  the  phase-1  shift- 
register  gates  are  on  and  the  other  two  phases  are  off,  a positive  pulse  is 
applied  to  the  transfer  gate,  making  the  potential  under  that  gate  V , as  in 
Fig.  8(b).  The  floating  transfer  diffusion  will  settle  at  a potential  equal 
to  VA<  All  excess  charge  flows  across  the  transfer-gate  channel  into  the 
deeper  CCD  potential  well.  After  the  transfer  pulse  ends,  the  shift  register 
clocks  out  the  charge  packets.  The  next  time,  and  each  subsequent  time,  the 
transfer  pulse  is  applied,  the  detectors  are  reset  to  the  same  potential,  VA, 
and  the  charges  removed  are  stored  in  the  phase-1  wells.  These  charges  repre- 
sent the  photocurrent  and  dark  current  that  accumulated  at  the  detectors 
during  the  integration  time  and  made  up  the  video  signal  when  read  out.  This 
mode  of  operation  is  somewhat  different  from  that  used  in  interline  devices 
with  photogates  [1],  where  all  minority  carriers  are  removed  from  the  detec- 
tors during  the  transfer  time.  It  is  more  closely  related  to  the  mode  of 
operation  of  a Vldicon  tube,  since  the  detectors  are  reset  to  the  same  potential 
each  frame;  the  charge  removed  to  do  this  makes  up  the  video  signal:  hence, 
the  designation,  Vidioon  mode.  An  Imager  designed  for  use  in  this  mode  should 
have  detectors  whose  charge-storage  capacity  is  about  the  same  as  that  of  a 
shift-register  well. 
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During  Che  transfer  process,  it  is  important  for  the  phase-1  veil  to  be 
large  enough  to  hold  the  full  detector  charge  without  its  surface  potential 
rising  above  V^.  If  necessary,  phase-2  can  be  pulsed  on  during  the  transfer 
time  to  ease  this  requirement  by  sharing  the  transferred  charge.  Once  the 
transfer  pulse  is  over,  any  single  well  can  hold  the  entire  charge  packet  be- 
cause there  is  no  longer  the  requirement  that  the  surface  potential  at  the 
well  be  greater  than  V^. 

A major  advantage  of  the  Vidlcon  mode  of  operation  is  the  Insensitivity 
of  this  mode  to  variations  in  MOS  threshold  under  the  transfer  electrode  and 
to  variations  in  detector  capacitance.  Variations  in  MOS  threshold  will  cause 
different  detectors  to  be  set  to  different  potentials,  but  each  detector  is 
set  to  its  same  potential  each  frame.  The  charge  packet  removed  represents 
the  optical  signal  at  that  detector,  independent  of  both  gate  threshold  and 
detector  capacitance.  Other  modes  do  not  have  this  Immunity  from  processing 
variations.  This  is  discussed  further  in  Appendix  A. 


V.  DESIGN,  FABRICATION,  AND  CHARACTERIZATION  OF 
THREE-PHASE,  SINGLE-METALLIZATION  IR-CCDs 

A.  LAYOUT 

Our  first  IR-CCD  was  a 64x1  linear  CCD  with  gates  0. 52-mil  long  in  the 
direction  of  charge  transfer  and  with  0. 08-mil  gaps.  The  repetition  length 
is  thus  1.8  mil  per  bit,  and  the  channel  is  5.0  mil  wide.  The  Schottky-barr ier 
contact  holes  are  5.0-mil  x 0.9-mil  rectangles  and  are  spaced  on  1.8-mil  centers 
along  the  CCD  register,  so  that  each  detector  can  load  into  a phase-1  CCD  gate 
when  the  transfer  gate  is  clocked.  There  is  a source  diffusion  with  loading 
gates  at  one  end  of  the  shift  register  and  a resettable  floating  diffusion 
connected  to  an  on-chip  MOS  transistor  at  the  other  end.  Numerous  other  de- 
vices are  on  the  chip,  including  alignment  marks,  photolab  marks,  level 
numbers,  devices  for  measuring  metal  resistivity,  diffusion  resistivity,  d i t 
fusion  lateral  spread,  channel-stop  threshold,  MOSFET  characteristics,  etc. 

Figure  9 shows  photomicrographs  f the  two  ends  of  a completed  device 
on  a wafer  containing  about  50  chips.  The  vertical  white  rectangles  in  a row 


Figure  9.  Photomicrographs  of  the  two  ends  of  the  CCD  chip.. 
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along  the  top  are  the  Schot t ky-bar rier  metallizations,  each  overlapping  the 
contact  holes  to  the  substrate  and  to  the  setting  and  transfer  diffusions. 

The  charging  gate  (27)  and  the  transfer  gate  (28)  control  the  channels  to  the 
charging  bus  (contacted  by  24)  and  the  phase-1  gates  (7),  respectively.  The 
bonding  pad  for  the  phase-1  busbar  (7)  cannot  be  seen  because  it  is  near  the 
center  of  the  CCD.  Phases  2 (J  and  9)  and  3 (2  and  10)  are  double-end  con- 
nected because  they  require  a diffused  crossunder  which  is  more  resistive 
than  a metallization.  Two  separate  gates  are  provided  at  the  beginning  (5  and 
6)  of  the  shift  register  and  at  the  end  (12  and  13).  A source  diffusion 
(contacted  by  1)  is  provided  to  permit  electrical  input  to  the  shift  register 
while  a floating  diffusion  with  a reset  gate  (14)  and  u rain  (15)  is  provided 
at  the  output.  The  floating  diffusion  is  connected  to  an  on-chip  MOS  tran- 
sistor whose  source  and  drain  diffusions  are  brought  out  to  pads  lb  and  19. 
Contact  to  the  substrate  is  made  at  pads  20  and  23,  each  of  which  contacts 
a channel-stop  diffusion.  The  output  stage  is  seen  more  clearly  in  the  en- 
largement in  Fig.  10.  The  "L"-shaped  floating  diffusion  is  seen  to  be  con- 
nected through  a contact  hole  to  the  gate  of  the  MOS  transistor.  It  is 
overlapped  by  the  reset  gate  (14)  which  controls  the  channel  to  the  drain  (15). 


Figure  10.  Output  section  of* the  CCD  chip  showing  the  reset  gate  (14), 
the  channel  drain  (15),  and  the  MOSFKT  (source  at  lb). 


The  channel-stop  diffusion  surrounding  these  elements  could  be  seen  under  the 
microscope  but  does  not  show  well  in  this  photograph. 

B.  PROCESSING 

For  the  single-level  metallization- type  structure  with  diffused  channel 
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confinement,  the  fabrication  procedure  is  as  follows:  A p-type,  10  /cm 
doped  [100]  silicon  wafer  is  subjected  to  a p-type  (accumulation)  diffusion 
and  an  n-type  (source-drain)  diffusion,  each  defined  by  a thermal  oxide  left 
after  a photolithographic  step.  The  gate  oxide  is  grown,  and  contact  holes 
are  opened.  Palladium  or  platinum  is  then  deposited.  Palladium  is  evaporated 
onto  the  wafer  in  a vacuum  system  in  which  the  wafer  is  heated  to  cause  sill- 
cide  formation.  Platinum  is  deposited  in  either  an  E-gun  evaporator  system 
or  in  a magnetron-sputtering  system.  In  either  case,  a separate  sintering 
bake  is  required  for  silicide  formation,  as  well  as  an  anneal  to  remove  damage 
All  evaporation  and  sputtering  systems  must  receive  special  care  to  avoid 
sodium  contamination;  sodium  would  get  into  the  oxide  in  ionic  form  and  cause 
the  device  characteristics  to  drift.  The  remaining  noble  metal  is  etched  off; 
then  the  wafer  receives  a thin  evaporated  film  of  titanium,  followed  by  a 
film  of  aluminum.  The  titanium  layer  is  required  because  aluminum  can  react 
with  palladium  or  platinum  silicide.  The  aluminum  is  defined  photolithograph- 
ically  with  an  etch  that  stops  at  the  titanium.  The  titanium  is  then  etched 
down  to  the  gate  oxide  with  an  etch  that  does  not  attack  aluminum.  Next,  a 
protective  SiO^  layer  is  deposited,  and  holes  are  opened  for  the  bonding  con- 
nections. The  wafers  are  scribed  and  diced,  and  the  chips  are  mounted  with 
epoxy  in  integrated-circuit  holders  with  holes  cut  to  permit  rear  illumination 
The  final  step  is  to  bond  leads  from  the  bonding  pads  on  the  chips  to  the 
holder.  A summary  of  the  fabrication  procedure  and  mask  levels  is  shown  in 
Table  4.  If  this  were  a visible-sensing  CCD,  it  would  be  necessary  to  thin 
the  chips  to  permit  rear  illumination.  This  step  is  not  necessary  for  us 
since  silicon  is  transparent  to  infrared  radiation  beyond  1.1  urn. 

C.  WAFER  TESTING 

Several  chips  were  tested  for  open  circuits,  short  circuits,  and  diode 
characteristics.  When  all  of  these  tests  proved  satisfactory,  it  was  decided 
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TABLE  4.  PROCEDURAL  STEPS  IN  THE  FABRICATION 
OF  SINGLE-METAL,  SCHOTTKY-BARRIER 
INFRARED  CCDs 


7.  Evaporate  titanium  and  aluminum. 

8.  Etch  pattern  in  aluminum  (mask  4). 

9.  Etch  titanium  by  use  of  aluminum  as  mask. 

10.  Deposit  SiO^  overcoat. 

11.  Etch  bonding  holes  and  scribe  lines  in 
SiC^  (mask  5). 

12.  Scribe  and  cleave  wafer. 

13.  Mount  chip  in  package  and  bond  leads. 

to  operate  the  chips  as  CCD  shift  registers  with  electrical  input  directly  on 
a probe-card  station  and  to  select  chips  on  the  basis  of  CCD  performance. 

About  three-fourths  of  the  chips  with  no  obvious  visible  defects  operated  well 
as  shift  registers.  The  first  run  included  Pd  wafers  and  Al-only  wafers.  Since 
most  of  the  shift  registers  on  the  wafers  made  with  palladium  worked  as  well 
as  the  devices  on  wafers  made  with  aluminum  only,  nothing  more  was  done  with 
the  Al-only  control  wafers.  Al-only  control  wafers  were  not  deemed  necessary 
in  subsequent  runs. 

A 28-pin,  gold-plated,  ceramic,  dual-in-line  holder  was  selected  for  the 
chips.  After  the  wafers  were  scribed  and  diced,  tested  chips  were  mounted 
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and  bonded  to  the  holders  which  had  been  previously  prepared  with  0.120-in.  x 
0.030-ln.  rectangular  holes  ultrasonlcally  ground  in  the  centers  of  the 
0.200- in.  square  chip-mounting  areas.  These  holes  are  required  for  rear  illu- 
mination with  infrared  radiation.  A bonded  chip  is  shown  in  Fig.  11(a);  the 
back  of  the  package  is  shown  in  Fig.  11(b)  with  the  same  magnification.  To 
affix  the  chip  with  the  detector  array  directly  over  the  hole,  we  viewed  the 
chip  from  the  top,  as  in  Fig.  11(a),  with  a low-power  microscope  equipped  with 
an  infrared  image  converter  in  place  of  the  eyepiece.  The  image  converter  has 
an  S— 1 photocathode  that  is  sensitive  to  light  transmitted  by  silicon.  With 
illumination  from  below  the  holder,  we  could  see  the  bright  rectangular  hole 
in  the  ceramic  masked  by  the  aluminum  metallization  pattern  of  the  device. 

All  bonded  chips  were  positioned  in  this  manner. 

D.  OPERATION  WITH  ELECTRICAL  INPUT 

A circuit  diagram  of  the  IR-CCD  chip  is  shown  in  Fig.  12.  The  extra  gates 

G^  and  G ^ were  included  to  make  possible  various  input  schemes,  notably  the 

charge-preset  input.  For  the  measurements  reported  in  this  section,  G^  received 

the  burst  of  pulses  while  was  clocked  in  sequence  with  the  line.  G^  and  G^ 

were  provided  to  allow  flexibility  in  the  output  circuit.  For  most  of  our 

measurements,  G^  was  clocked  in  sequence  with  the  line;  G^  received  a small, 

positive  dc  bias;  and  the  reset  gate  was  pulsed.  The  substrate  was  biased 

negatively  by  a few  volts  so  that  the  gates  always  keep  the  surface  inverted. 

For  operation  with  electrical  input,  the  transfer  gate  receives  a negative 

bias,  isolating  the  shift  register  from  the  detectors.  The  three-phase, 

overlapping  clock  waveforms  run  continuously.  A word-generator  circuit  runs 

in  synchronism  with  the  clocks  and  produces  a settable  number  of  positive 

pulses  (such  as  4)  each  time  it  counts  a settable  number  of  clock  pulses 

(such  as  128).  The  word  is  applied  to  G^  and  is  expected  at  the  output  64 

clock  periods  later.  Figure  13  shows  such  an  output  word  with  1/10  of  the 

leading  pulse  missing.  Since  there  were  192  transfers  (64x3),  the  average 

-4 

transfer  loss  was  about  5x10  per  transfer.  To  get  this  fairly  good  transfer 
efficiency  with  a surface-channel  CCD,  it  is  necessary  to  introduce  a bias 
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Figure  12.  Circuit  diagram  of  the  three-phase  IR-CCD  chip. 


Figure  13.  Output  word  for  a 4-bit  electrical  input. 


level  or  "fat  zero."  For  our  chip  running  at  250  kHz,  the  optimum  bias  level 
was  experimentally  determined  to  be  0.3  uA.  The  output  signal  Is  taken  from 
the  MOS  transistor,  whose  gate  follows  the  potential  of  the  floating  diffusion. 
The  MOS  transistor  can  be  wired  as  a source-follower  or  as  a common- source 
amplifier,  depending  on  which  polarity  of  output  signal  is  desired. 
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VI.  DESIGN,  FABRICATION,  AND  ELECTRICAL  OPERATION 
OF  THE  DOUBLE-POLYSILICON,  AREA-ARRAY  CHIP 

A.  DESIGN  OF  THE  25x50  IR-CCD 

Design  considerations  for  an  area  array  are  different  from  those  for  a 
line  array  because  of  the  need  to  minimize  the  size  of  the  unit  cell  in  both 
dimensions.  A single  level  of  metal  permits  little  design  flexibility,  as  it 
requires  diffused  crossunders  and  their  associated  contact  holes  for  any  but 
the  simplest  structures.  This  approach  wastes  area.  The  2D  array  was  there- 
fore made  with  overlapping  gates  consisting  of  two  levels  of  polysilicon 
strapped  by  aluminum.  Sealed-channel  (gapless)  structures,  in  general,  give 
better  transfer  efficiency  and  better  device  stability.  The  levels  of  poly- 
silicon are  individually  oxidized  immediately  after  definition.  Contact  holes 
are  made  in  both  levels  of  polysilicon  and  in  the  gate  oxide  all  in  one  step, 
and  silicide  is  formed  in  all  contact  holes  in  one  step.  Barriers  are  thus 
formed  where  the  undiffused  substrate  is  contacted.  Ohmic  contacts  are  formed 
in  the  holes  at  the  two  levels  of  polysilicon  and  at  source-drain  diffusions 
in  the  substrate.  An  aluminum  metallization  and  definition  step  straps  the 
conductors  together  and  completes  the  device. 

An  outline  of  the  2D  array  is  shown  in  Fig.  14.  It  is  an  "interline" 
system,  in  which  all  the  detectors  transfer  their  signals  into  the  shift 
registers  at  once  in  response  to  a pulse  on  the  transfer  gate.  The  column 
registers  are  then  clocked  down  one  bit,  bringing  the  charge  packets  from 
the  bottom  row  of  detectors  into  the  horizontal  register.  The  latter  is 
then  clocked  out,  producing  one  horizontal  line  on  the  display.  The  column 
registers  are  subsequently  clocked  down  one  bit  for  each  row  of  detectors. 

When  the  entire  array  has  been  read  out  in  this  manner,  the  transfer  gate  is 
pulsed  again,  loading  the  next  frame.  A natural  consequence  of  this  layout 
(as  seen  in  Fig.  14)  is  that  the  detectors  are  spaced  more  closely  in  the 
vertical  than  in  the  horizontal  direction.  The  channel  width  must  be  minimized 
for  this  reason  as  well  as  for  area  utilization.  Wiring  the  clock  gates  for 
two-phase  operation  would  simplify  the  gate  bussing  but  would  limit  the  well 
capacity.  It  would create  a conflict  between  the  substrate  doping  re- 
quired for  efficient  two-phase  operation  and  the  substrate  doping  required 
for  the  detectors.  We  must,  therefore,  bus  out  the  clock  gates  for  four-phase 
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Figure  14.  Interline-transfer  scheme  for  the  two-dimensional  array. 


operation.  Connecting  the  gates  horizontally  across  the  chip  between  the 
detectors  wastes  detector  area.  We  have  worked  out  designs  with  the  gates 
bussed  vertically  for  each  column,  on  each  side  of  the  channel;  although  such 
a design  is  a big  improvement,  the  columns  are  still  wider  than  we  should 
like  them  to  be.  The  design  we  adopted  is  unique  and  is  outlined  in  Fig.  15. 

A scale  drawing  is  shown  in  Fig.  16.  The  overlapping,  four-phase  gates  for 
each  column  are  defined  and  strapped  separately  by  use  of  the  two  layers  of 
polysilicon  and  the  one  layer  of  aluminum.  The  channel  and  transfer  gates, 
with  overlapping  clock  busses,  are  about  3 mil  wide.  The  detector  holes  are 
about  2.5-mll  square,  and  are  spaced  3.2  mil  apart  vertically  and  6.4  mil 
apart  horizontally.  Twenty-five  percent  of  the  repeated  area  is  used  for 
infrared  detection.  The  3.2-mil  vertical  bit  length  corresponds  to  gates  0.8 
mil  long  in  the  direction  of  transfer.  While  these  gates  are  relatively  long, 
they  present  no  problem  at  clock  rates  of  a few  hundred  kilohertz.  We  could 
get  faster  performance  with  eight  gates  per  detector,  each  0.4  mil  long,  but 
there  would  not  be  enough  room  for  good  contact  holes  when  strapped  as  in 
Fig.  15. 

Detailed  drawings  of  two  other  parts  of  the  array  are  shown  in  Figs.  17 
and  18.  Figure  17  illustrates  how  charge  is  transferred  from  the  colutm  regis- 
ters to  the  output  register.  The  last  two  gates  of  the  column  registers  are 
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Figure  15.  Connection  of  gates  in  a typical  column.  The  column  straps  are 
themselves  bussed  across  at  the  top.  The  transfer  gate  and  the 
phase-2  and  -4  gates  are  first-level  polysilicon,  while  the 
phase-1  and  -3  gates  are  second-level  polysilicon. 

bussed  separately,  as  shown.  Figure  18  illustrates  the  output  section.  The 
output-register  channel  terminates  in  the  U-shaped,  floating  diffusion  and  the 
drain  diffusion.  Connected  to  the  floating  diffusion  is  the  gate  of  an  NOS 
transistor  fabricated  at  the  same  time  as  the  array.  This  array  with  25x50 
detectors  is  a square  160  mil  on  a side,  and  fits  on  a 230-mil  square  chip 
leaving  room  for  the  peripheral  structures,  a line  array,  and  test  devices. 
There  were  practical  reasons  for  not  including  an  input  circuit  to  the  columns 
in  this  device.  Both  the  charging  circuit  for  background  subtraction  and  the 
input  circuit  for  frame  cooq>arlson  are  Included  in  the  one-dimensional  IR-CCD 
being  fabricated  on  the  same  chip.  This  is  discussed  below. 

B.  DESIGN  OF  THE  62x1  LINE  ARRAY 

A line-array  imager  consisting  of  62  Schottky-barrier  detectors  adjacent 
to  a four-phase,  double-polysilicon  shift  register  was  designed  on  the  same 
chip  as  the  25x50  Imager  and  was  fabricated  together  with  it.  This  line 
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Figure  16.  Scale  drawing  of  vertical  shift  register  adjacent  to  two  detectors. 

The  source-drain  diffusions  are  shown  as  dashed  lines,  while  the 
channel-stop  diffusions  are  crosshatched . Hidden  lines  are  omitted 
for  clarity,  but  are  shown  in  cutaway  section.  The  solid  polygons 
are  labeled  according  to  the  key  in  the  figure. 
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Figure  17.  Scale  drawing  of  column-register  to  output -register  transfer 

structure.  Hidden  lines  are  deleted  for  clarity,  except  for  the 
channel-stop  diffusion  which  is  crosshatched  where  not  hidden. 

The  solid  polygons  are  identified  as  in  Fig.  16.  Arrows  indicate 
the  direction  of  charge  flow. 
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array  was  made  to  provide  a device  with  an  input  diffusion  made  in  the  pre- 
sent, double-polysilicon  technology.  An  input  stage  is  desirable  in  the 
electrical  evaluation  of  the  shift  registers,  and  is  essential  if  any  frame 
comparison  experiments  are  to  be  attempted.  The  layout  of  a unit  cell  is 
shown  in  Fig.  19  and  Is  seen  to  be  very  similar  to  the  three-phase  structure. 
The  main  differences  are  the  absence  of  gaps,  the  number  of  phases,  and  the 
presence  of  the  background-subtraction  circuit  on  the  opposite  side  of  the 
shift  register.  This  circuit,  consisting  of  the  charging  gate  and  the  charg- 
ing diffusion,  was  included  to  make  possible  experiments  on  uniform-background 
subtraction.  It  is  not  essential  to  normal  device  operation  (Vidicon  mode) 
and  will  be  biased  off  for  most  experiments.  The  operation  of  the  uniform- 
background  circuit  is  discussed  in  Appendix  A.  Buried  channels  and  guard 
rings  are  fabricated  on  this  line  array  whenever  they  are  fabricated  on  the 
area  array. 

C.  ELECTRICAL  OPERATION  OF  THE  AREA  IMAGER 

When  the  line  imager  was  operated,  the  output  was  displayed  as  an  oscil- 
loscope trace.  All  electrical  parameters  Including  clock  rate  and  integration 
time  were  continuously  variable  on  the  front  panel  of  the  control  box.  For 
the  two-dimensional  imager,  it  is  neither  practical  nor  desirable  to  build  in 
so  much  flexibility.  Since  the  output  will  normally  be  displayed  as  a TV 
picture,  the  clock  rates  must  be  selected  to  suit  the  frame  time  for  the  number 
of  picture  elements  on  the  chip.  It  is  not  practical  to  vary  the  clock  rate 
since  the  X and  Y sweep  rates  of  the  display  would  have  to  be  simultaneously 
varied  to  maintain  picture  size.  This  is  an  unnecessary  complication,  since 
our  experience  with  visible  imagers  permits  us  to  select  a suitable  format. 

We  have  chosen  to  run  the  chip  (and  hence,  the  display)  at  a 60-Hz  frame  rate. 
Thus,  the  minimum  integration  time  will  be  1/60  s.  A longer  integration  time 
is  achieved  by  leaving  additional  time  between  frames,  but  the  time  required 
to  read  out  a frame  (hence,  the  clock  rate)  is  never  changed.  We  determine 
the  additional  time  by  continuing  to  count  the  master  clock  even  after  a frame 
has  been  completed,  and  by  beginning  the  next  frame  when  the  preset  count  is 
reached.  Thus,  it  will  be  possible  to  set  the  Integration  time  to  2n  x (1/60) 
s,  ranging  from  (1/60)  s to  many  seconds.  At  (1/60)  s there  will  be  no  observ- 
able flicker  in  the  display.  While  a standard  TV  monitor  has  a 60-Hz  frame 
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Figure  19.  Scale  drawing  of  one  stage  of  the  ID  line  array.  The  gates  are 

drawn  broken  to  reveal  the  diffusions.  The  design  is  symmetrical 
about  the  phase-1  gate. 


rate,  it  scans  each  line  in  64  vis,  a value  not  easily  changed.  Allowing  for 
reasonable  overscan,  the  50-stage  output  register  would  be  required  to  run  at 
1 MHz,  a speed  somewhat  fast  for  a CCD  with  gates  0.8  mil  long.  Furthermore, 
the  CRT  beam  would  be  on  only  a small  fraction  of  the  time.  We  prefer  to  make 
the  line  time  LT  as  long  as  possible,  namely. 


minimum  frame  time  (1/60)  s 


4 jujuiiii  j ...wfjiyuM,  j 
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where  the  68  includes  the  basic  countdovn  of  64  horizontal  lines  and  4 more  to 
generate  the  vertical  blanking  pulse.  This  is  discussed  in  more  detail  in 
Appendix  B.  The  first  50  lines  display  the  picture,  while  the  remaining  ones 
allow  for  vertical  overscan.  After  allowance  is  made  for  horizontal  overscan 
and  blanking,  the  50*stage  output  register  will  be  run  at  300  kHz.  We  can  use 
a Tektronix  536  with  two  "type-T"  plug-ins  or  a standard  scope  with  a special 
sweep  for  the  Y axis.  In  either  case,  the  blanking  pulses  generated  in  our 
driver  box  provide  the  triggering. 

Figure  20(a)  shows  the  raster  generated  on  a Tektronix  536  with  the  two 
"T"  plug-ins  triggered  by  the  horizontal  and  vertical  blanking  pulses  from 
our  driver  box.  While  the  raster  appears  to  run  off  the  top  of  the  screen, 

55  horizontal  lines  are  in  view,  of  which  only  50  will  form  the  picture.  No 
display  blanking  was  done  in  this  photo.  The  vertical  blanking  pulse  and 
sweep  waveforms  are  shown  in  Fig.  20(b),  and  the  horizontal  blanking  and 
sweep  waveforms  in  Fig.  20(c). 

A block  diagram  of  the  driver  system  is  shown  in  Fig.  21.  As  indicated 
by  the  transfer  scheme  in  Fig.  14,  the  detectors  all  load  simultaneously 
into  phase-1  gates  of  the  column  registers  upon  application  of  a transfer 
pulse.  (These  phase-1  gates  must  be  on  at  this  time.)  The  column-register 
gates  are  then  clocked  down  by  one  bit,  loading  the  signals  originating  from 
the  lowest  row  of  detectors  into  the  phase-1  gates  of  the  output-register. 
(These  phase-1  gates  must  be  on  at  this  time.)  The  four  column-register 
waveforms  are  shown  in  Fig.  22.  The  sequence  shown  is  called  "double-clocking" 
because  two  of  the  four  gates  are  always  on.  In  our  case,  phases  1 and  2 are 
normally  on,  except  during  the  column-to-output -register  transfer,  as  shown 
in  Fig.  22.  The  output  register  is  also  double-clocked,  as  shown  in  Fig.  23. 
Output  phases  1 and  2 are  on  when  the  output  register  is  stopped,  to  accept 
the  transfer  from  the  columns.  Also  shown  are  the  waveform  SI,  used  to  strobe 
the  input  diffusion  for  charge  presetting,  and  the  waveform  required  by  the 
reset  gate.  Other  details  in  these  figures  are  discussed  in  Appendix  B. 


♦Tektronix  Inc.,  Beaverton,  Oreg. 
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Figure  20.  (a)  Raster  display  on  Tektronix  53b  scope  with  two  "type  T" 

plug-ins,  triggered  by  our  blanking  pulses  and  timed  to  be  com- 
patible with  our  clock  rates.  (b)  Vertical  blanking  pulse  from 
our  driver  box  (bottom)  and  sweep  waveform.  The  "type  T"  plug-in 
was  set  at  1 ms/div.  The  veriier  was  turned  down  as  far  as 
possible  without  a loss  in  triggering.  (c)  Horizontal  blanking 
pulse  from  our  driver  box  (top)  and  sweep  waveform.  The  "type  T" 
plug-in  was  set  at  20  us/div  (CAL). 
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Figure  21.  Block  diagram  of  drive  circuit.  Subscript  b refers  to  the 
column  registers;  subscript  c,  to  the  output  register. 
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Figure  22 


Column-register  waveforms  during  column-to-output-register 
transfer.  Subscript  B refers  to  the  column  registers. 
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Figure  23.  Output-register  clock  waveforms  and  auxiliary  pulses. 

Subscript  C refers  to  the  output  register. 

D.  PROCESSING  OF  THE  DOUBLE-POLYSILICON  TC-1199  CHIP 

The  double-polysilicon  TC-1199  IR-CCD  area  array  was  processed  with 
surface-channel  shift  registers.  The  Schottky  diodes  were  formed  by  addition 
of  the  silicide-formation  step  to  the  double-polysilicon,  CCD  process  pre- 
viously developed  at  RCA  Laboratories.  In  this  process,  six  photomasks  are 
used.  A seventh  is  available  for  defining  pad  openings  in  an  optional  oxide 
overcoat.  The  overcoat  protects  the  chips  during  handling,  but  is  not  other- 
wise required.  Because  we  were  concerned  about  the  effect  of  the  overcoat 
processing  on  the  detectors,  some  of  the  wafers  were  completed  without  over- 
coats. In  addition  to  the  above  seven  masks,  we  have  prepared,  but  not  used, 
five  more  masks  to  study  various  processing  options,  including  buried-channel 
shift  registers  and  n-type  guard  rings  surrounding  the  Schottky  diodes. 

The  wafers  were  25-50  fl-cm,  boron-doped,  p-type  [100]  silicon,  polished 
on  both  sides  to  a final  thickness  of  0.010  in.  by  Monsanto.  The  palladium 
or  platinum  silicide  is  formed  just  prior  to  the  metallization  step  in  the 
process.  If  palladium  is  selected  it  is  evaporated  in  a filament  evaporator, 
sintered  in  vacuum,  and  subsequently  etched.  Platinum  must  be  deposited  in 
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an  E-beam  evaporator  or  in  a magnetron-sputtering  system,  and  then  sintered  in 
a separate  step  before  etching.  After  the  noble  metal  is  removed,  a 1000-8 
film  of  titanium  is  evaporated,  followed  by  a 14,000-8  film  of  aluminum.  The 
composite  film  is  defined.  An  optional  oxide  overcoat  is  deposited,  and  the 
pad  openings  are  etched.  The  wafers  are  diced,  mounted,  and  bonded,  as  des- 
cribed for  the  three-phase  array. 

A photograph  of  the  complete  chip  is  shown  in  Fig.  24.  This  chip  has  the 
25x50  array  bonded.  The  line  array  (not  bonded)  is  seen  at  the  bottom,  as  well 
as  test  devices  on  the  left  and  right  sides.  A split  photograph  of  the  line 
array  is  shown  in  Fig.  25,  with  the  electrical  input  on  the  left  and  the 
output  on  the  right.  The  four  corners  of  the  area  array  are  shown  in  Fig.  26. 

The  output  register  is  along  the  bottom,  its  electrical  input  at  the  left  and 
the  output  at  the  right.  The  column  busses  are  seen  to  be  interconnected  by 
horizontal  busses  along  the  top  of  the  chip. 

E.  SHIFT-REGISTER  OPERATION 

The  waveforms  used  to  operate  a charge-coupled  shift  register  were  shown 
in  Fig.  23.  These  are  the  four  phases,  the  source  strobe,  and  the  reset  wave- 
forms. While  the  figure  is  identified  with  the  output  register  in  the  area 
array,  the  waveforms  are  equally  applicable  to  the  line  array.  The  input  section 
of  a typical  shift  register  is  sketched  in  Fig.  27(a);  the  electron-potential- 
energy  profile,  in  27(b).  The  charge-preset  input  requires  dc  on  the  two 
auxiliary  gates  and  G2,  so  that  a pocket  will  form  at  when  phase  1 is 
off.  Just  before  phase  1 goes  on,  the  source  voltage  is  strobed  low  (up  in 

Fig.  27(b)),  filling  the  pocket  at  G_.  It  returns  to  the  "off"  position, 

* » 

skimming  the  charge  in  the  G 2 well  at  the  level  of  V^.  (Primed  quantities 

refer  to  surface  potentials  rather  than  their  corresponding  gate  vcltages.) 

An  electrical  word  consisting  of  N bits  can  be  inputted  by  increasing  the 

voltage  on  for  a length  of  time  that  Includes  N strobe  pulses.  The  output 

from  a line-array  shift  register  is  shown  in  Fig.  28.  Transfer  efficiency  as 

-4 

high  as  0.9999  (e  « 10  ) per  transfer  has  been  observed  in  this  manner  with 

these  chips. 

In  Fig.  27,  G2  and  the  first  <f>^  gate  are  shown  as  longer  than  the  others. 
This  is  necessary  in  order  to  input  a full  well  because  the  G2  and  first 


Figure  24.  Photograph  of  full  chip  with  23x50  area  array  (center)  and 

62x1  line  array  (bottom).  Magnification  - 13. 8X  (photo  reversed). 


Figure  25.  Photograph  of  ends  of  62x1  line  array  (144X). 
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Photograph  of  four  corners  of  the  25x50  area  array 


Figure  26 
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Charge  preset  input:  (a)  cross  section  of  charge-coupled 
shift  register  at  input  and  (b)  corresponding  potential- 
energy  profile. 


Reset  feedthrough 


True  zero 


Bias  charge 


Four-bit  word  transferred  through  line-array  shift  register 
The  signal  is  sensed  at  the  emitter-follower  output. 


lgure  28 


wells  are  only  half  as  deep  as  the  subsequent  wells.  In  the  line  array  for 
which  experiments  requiring  electrical-signal  input  were  planned,  the  extra 
area  was  actually  achieved  by  the  lateral  fanning  out  of  the  input  section. 

For  the  output  register  of  the  area  array,  no  expansion  was  needed,  since  only 
a small  bias  charge  was  to  be  inputted. 

The  reset  pulse  sets  the  floating  diffusion  to  drain  potential;  this 
appears  as  the  "true  zero"  level  in  Fig.  28.  The  packet  of  electrons  arriving 
at  the  floating  diffusion  discharges  it  to  the  "bias  charge"  or  "word"  level 
in  Fig.  28.  This  persists  until  the  next  reset  pulse.  Thus,  the  output  cir- 
cuit (shown  in  Fig.  18)  is  actually  a sample-and-hold  circuit.  The  timing 
could  be  altered  to  hold  the  signal  for  most  of  the  clock  period.  The  special 
gate  in  Fig.  18  gets  dc  at  half  the  clock  voltage.  The  last  shift-register 
gate  ($-3)  is  wide  because  it  too  must  hold  a full  well  with  only  half  the 
usual  voltage  swing. 

F.  DARK-CURRENT  STORAGE  TEST 

The  mechanisms  that  create  dark  current  in  Schottky-barrier  diodes  were 
discussed  in  a previous  section.  The  magnitudes  of  the  photocurrent  and  the 
CCD-well  capacity  are  such  that  dark  currents  large  enough  to  be  troublesome 
to  the  imager  can  still  be  too  small  to  measure  with  a simple  DC  test  device. 

In  order  to  test  process  variations  for  their  effect  on  detector  dark  current, 
we  included  on  the  chip  a test  device  that  simulates  the  setting  and  integration 
conditions  under  which  detectors  in  the  arrays  operate.  A circuit  diagram  of 
the  dark-current  storage  test  device  is  shown  in  Fig.  29,  along  with  the  ex- 
ternal connections  for  the  storage  test.  A photograph  of  the  test  device 
(actually  two  mirror- image  devices,  device  1 with  aluminum  over  the  silicide 
and  device  2 with  bare  silicide)  is  shown  in  Fig.  30.  The  maximum  voltage  (dc) 
to  which  the  detector  is  to  be  set  is  applied  to  the  coupling  drain.  A pulse 
large  enough  to  transfer  VSET  to  the  detector  is  applied  to  the  reset  gate  GR, 
and  the  subsequent  detector  voltage  is  observed  on  an  oscilloscope  using  the 
on-chip  MOSFET  as  an  emitter  follower.  The  scope  trace  for  a detector  made  with 
magnetron>sputtered  platinum  sintered  at  400#C  is  shown  in  Fig.  31.  The  detector 
is  a rectangle  4 mil  x 10  mil,  and  has  a diffused  guard  ring.  Fig.  31  shows  a 
fast  rate  of  decay  followed  by  a storage  time  of  about  1 s.  The  transfer  char- 
acteristic of  the  emitter  follower  (Fig,  32)  was  measured  statically  with  a 


Figure  29.  Circuit  of  dark-current  test  device. 
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Figure  30.  Photograph  of  dark-current  storage  test  device.  The  two  devices 
are  identical  mirror  Images  except  that  device  1 has  aluminum 
covering  the  detector. 
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Figure  31.  Decay  of  the  voltage  on  a platinum  silicide  detector  as  seen 
through  the  on-chip  emitter  follower.  The  detector  was  made 
with  magnetron-sputtered  platinum  sintered  at  400°C. 
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Figure  32.  Measured  transfer  characteristic  of  the  emitter  follower 
in  the  detector-storage-test  device. 


large  dc  bias  on  the  reset  gate,  so  as  to  give  us  access  to  the  detector  at  the 
coupling-drain  connection.  The  scope  voltage  at  which  the  rapid  decay  ends, 

4.4  V,  thus  corresponds  to  about  7.5  V at  the  detector.  The  2-V  offset  makes  it 
impossible  to  follow  the  detector  signal  below  2 V.  The  data  in  Figs.  31  and  32 
were  typical  of  several  wafers  processed  together.  No  difference  was  observed 
between  devices  with  or  without  the  aluminum  overcoat. 


The  observed  voltage  decay  rate  is  about  5 V/s.  The  voltage  decay  antic- 
ipated from  the  theoretical  dark  current  of  platinum  silicide  at  77K  is  ob- 
tained from 

Q - CV 


dV  1 do 
dt  " C dt 
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_ 4 x 10."* 3 A/cm  . 1>25  x 10-4  y/g 
3.2  x lO"*  F/cm 


Alternatively,  the  observed  decay  rate  corresponds  to  a dark  current  of 

i,  - C 4^  - 3.2  x 10-9  F/cm2  x 5 V/s  - 16  x l(f9  A/ cm2 
dark  dt 

—6  2 

This  number  compares  favorably  with  our  estimate  of  0.27x10  A/ cm  for  the 
maximum-tolerable  dark-current  density,  but  further  improvement  should  be  pos- 
sible. Our  measurement  does  not  exclude  the  possibility  that  the  discharge  of 
the  detector  from  1 or  2 V to  zero  may  take  much  longer  than  1 s. 

The  switching  action  of  the  reset  gate  is  demonstrated  in  the  forward- 
biased  characteristics  in  Fig.  33(a).  Here  the  reset  gate  is  switched  on  and 
off,  displaying  the  Schottky  I-V  curve  and  the  silicon-diode  I-V  curve,  re- 
spectively, both  at  77K.  The  reverse-biased  I-V  curve  is  shown  in  Fig.  33(b). 
Observable  reverse  currents  (1  nA)  began  at  16-25  V for  the  various  devices, 
all  with  diffused  guard  rings.  Because  of  the  reset  transistor,  the  voltage 
actually  reaching  the  detector  saturates,  as  does  the  current.  The  voltage 
at  which  the  transistor  saturates  is  somewhat  smaller  than  that  applied  to 
the  reset  gate.  It  is  interesting  to  note  that  the  breakdown  where  each  curve 
goes  vertical  is  the  silicon-diode  breakdown,  with  the  breakdown  voltage  varying 
from  59  to  83  V for  reset-gate  potentials  from  30  to  55  V,  respectively. 
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Figure  33.  (a)  Forward-bias  characteristic  of  detector-storage-test  device. 

The  origin  is  at  the  top  right  corner  of  the  solid  grid.  The 
Schottky-diode  turn-on  curve  at  about  130  mV  is  seen  with  a 
positive  bias  on  the  reset  gate.  The  silicon-diode  turn-on  curve 
at  1.1  V is  seen  with  a negative  bias  on  the  reset  gate.  (b)  Re- 
verse-bias characteristic  os  the  detector-storage-test  device  at 
three  reset  gate  potentials:  30,  44,  and  33  V.  The  Schottky- 
diode  characteristic  is  the  curve  in  the  lower  left  quadrant  with 
its  origin  at  the  lower  left  corner  of  the  solid  grid. 
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VII.  INFRARED  SENSITIVITY  AND  IMAGING  MEASUREMENTS 


A.  EXPERIMENTAL  METHODS 

Infrared  imaging  measurements  have  been  discussed  In  the  Semiannual 
Reports  (see  Preface),  demonstrating  sensitivity  to  light  of  wavelengths 
longer  than  1.7  urn  (see  also  Ref.  17).  Sensitivity  to  thermal  radiation 
from  300K  objects  was  reported  as  well.  These  measurements  were  made  with 
the  IR-CCD  immersed  in  liquid  nitrogen  in  a quartz  optical  dewar.  Imaging 
measurements  were  made  with  a Barnes  calibrated  blackbody  source.  Quartz 
windows,  however,  are  not  adequate  for  thermal  measurements  in  the  3-5-pm 
band,  and  liquid  nitrogen  creates  experimental  difficulties.  The  more  so- 
phisticated and  up-to-date  infrared  measurements  that  are  reported  in  this 

section  were  made  at  Rome  Air  Development  Center/ET,  Hanscom  AFB,  Mass. 

£ 

[11,  18].  For  these  measurements  an  Air  Products,  two-stage,  helium  refri- 
gerator was  used.  The  arrays  were  cooled  in  a vacuum  and  illuminated  through 
a sapphire  window.  Operating  temperatures  ranged  from  90  to  135K  for  Pd2Si 

arrays  and  from  80  to  100K  for  PtSi  arrays.  Imaging  was  done  with  f/6.4  dual 

** 

Cassegrain  optics  or  with  a 3-in.,  f/1,  quadruplet,  Ge-Si  lens  made  by  SORL. 

The  array  was  cold-shielded  with  a f/1. 2 aperture  stop.  To  increase  detector 
sensitivity,  CCD  clocking  voltages  were  optimized  at  the  operating  temperatures, 
and  transfer  voltages  were  increased  to  just  short  of  Schottky-diode  breakdown. 
Low-level  signals  required  a 10%  bias  charge  to  avoid  transfer-loss  image 
smear.  No  bias  was  required  for  strong  signals.  Calibrated  illumination  was 
provided  by  a blackbody  source  and  by  an  EOI^  4-bar  differential  target. 

B.  THERMAL  RESPONSE  AND  NOISE 

The  thermal  response  of  the  PtSi  array  was  measured  with  the  differential- 
temperature  target.  Target  temperature  ranged  from  below  ambient  to  100°C. 

* Air  Products  & Chemicals,  Inc. , Allentown,  Pa. 

**  Space  Optics  Research  Labs,  a division  of  Optronics  International,  Inc., 
Chelmsford,  Mass. 

t Electro-Optical  Industries,  Inc.,  Santa  Barbara,  Calif. 

17.  E.  S.  Kohn,  IEEE  J.  Solid-State  Circuits  SC-ll(l).  139  (Feb.  1976). 

18.  F.  D.  Shepherd  et  al.,  "Ambient  Thermal  Response  of  a Monolithic  Schottky 
IR-CCD,"  Ptoc.  IRIS  Thermal  Imaging  Specialty  Group  Meeting,  El  Toro, 

Cal.,  Feb.  1977. 
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Experimental  results  are  compared  with  theory  in  Fig.  34,  where  excellent 
agreement  is  observed.  A similar  experiment  with  a Pd2Sl  array  showed  poor 
agreement  with  theory  because  of  optical  absorption  in  a diffused  layer  on 
the  backside  of  the  substrate.  PtSi  arrays  responded  to  temperatures  less 
than  1*C  above  ambient  with  30-ms  staring  time. 


TARGET  TEMPERATURE  (*C) 


Figure  34.  Thermal-transfer  response  of  PtSi/IR-CCD.  The  solid  line 
is  the  theoretical  curve,  with  parameters  as  indicated. 


Signal  noise  was  measured  with  multiple-exposure  photographs  of  the  out- 
put oscilloscope  traces  from  several  detector  cells.  In  order  to  determine 
the  electron  noise  level,  we  measured  the  floating-gate  capacitance  (1.1  pF) 
and  assumed  that  the  observed  peak-to-peak  noise  was  six  times  the  rms  noise. 

The  best  Pd2Si  devices  had  rms  noise  levels  of  1700  electrons  when  exposed  to 
ambient  background,  or  twice  the  value  prediced  in  Table  3.  The  noise  Increased 
with  signal  level  to  the  point  where  signal  shot  noise  dominated  the  measurement. 
These  data  appear  in  Fig,  35. 
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Figure  35.  Noise  level  as  a function  of  signal  level.  The  solid 
line  is  calculated. 


C.  PHOTORESPONSE  UNIFORMITY 

Two  methods  were  used  to  verify  the  uniformity  of  Schottky  junctions  and 
Schottky  IR-CCD  arrays.  They  were  scanning  within  a cell,  and  uniform  illu- 
mination of  an  array  by  a large-aperture  blackbody.  The  spot-scanning  measure- 
ment system  consisted  of  a blackbody  source  with  a 10-mil-pinhole  aperture, 
a reflecting  telescope  with  10:1  image  reduction,  and  a cold-stage  sample 
holder  at  the  image  plane.  The  detector  was  translated  by  2.5-pm  increments 
in  the  image  plane  by  the  use  of  a stepping-motor  drive.  The  sample  signal 
was  recorded  on  the  y axis  of  an  x-y  recorder,  while  the  x axis  was  driven  by 
the  reference  voltage  of  the  stepping  drive.  A spot  scan  of  a 1-cm-diameter 
diode  is  given  in  Fig.  36.  The  resolution  is  approximately  30  um  [19 J.  The 
PtSi-electrode  thickness  is  tapered  at  the  edge,  resulting  in  the  enhanced 


19.  B.  R.  Capone,  private  communication. 
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EXPERIMENTAL  CONDITIONS 
SPOT  SIZE  - I 9 mil 
WAVELENGTH  - 1.3-  4.4 fJLm 
SAMPLES  DIAMETER -I  cm 
LOAD  RESISTANCE  -10  n 


i - — — — ♦ 

SPOT  POSITION 

Figure  36.  Photocurrent  spot  scan  of  PtSi/p-Si  Schottky  diode. 

photoresponse  seen  at  the  right  end  of  the  figure.  Fig.  37  shows  the  output 
of  a PdjSi  IR-CCD  array  illuminated  by  a 300°C  blackbody.  The  output  uni- 
formity is  0.5X  rms.  One  cell  reads  3%  below  average.  In  Fig.  38  the  blackbody 
source  was  attenuated  with  neutral-density  filters  to  show  that  the  response 
uniformity  was  independent  of  signal,  f/6  optics  and  unit  magnification  were 
used  for  these  measurements. 

Fig.  39  shows  the  response  of  a Pd^Si  array  to  a weak  signal  imposed  on 

a large,  thermal-current  pedestal.  The  operating  temperature  was  135K.  These 

data  indicate  that  there  is  no  measurable  variation  of  \1>  over  the  64-cell 

ms 

array.  We  conclude  that  photoresponse  uniformity  in  the  range  of  0.5X  rms 
is  possible  for  future  systems. 

D.  IMAGE  RESOLUTION 

Figures  40(a)  and  (b)  show  the  blackbody  response  through  a series  of 
slots  of  decreasing  width.  A PtSi  array  was  used  with  f/6. 4 optics.  Figures 
41(a)  and  (b)  give  the  response  for  0.025-in.  and  0.0125-in.  circular  apertures. 
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Figure  40.  (a)  and  (.b).  Slot  mask  photoresponse  .it  1:1  magnification.  From 

left  to  right  slot  widths  are  0.016,  0.008,  0.004,  and  0.002  in. 


Figure  39.  Pd9Si-array  operating  at  135K  with  small  signal  on 
a thermal-emission  pedestal. 


r 
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(b) 


Figure  41.  I’d^Si-array  response  to  (a)  0.025-in.  and  (b)  0.0125-in. 
blackbody  apertures. 


The  detectors  were  O.d  mil  wide  on  1.8— mil  centers.  Transfer— Inefficiency 
Image  blur  is  apparent  on  the  trailing  edge.  Figures  42(a)  and  (b)  give  the 
PtSi— array  response  to  4— bar  resolution  mask.  These  data  were  taken  with 
f / 1.2  optics  and  0.07  magnification.  Figure  42(h)  Is  at  the  Nvquist  limit 
Imposed  by  the  detector  spacing  (11. I lp/mm).  It  Is  apparent  that  substantial 
Improvement  in  resolution  is  possible  by  a reduction  in  cell  size  and  by  the 
use  of  buried— channe 1 readout • Tin*  I imlts  to  resolution  would  he  determined 
by  trade-offs  between  cell  size,  unltormitv.  and  local— plane  area  coverage. 
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Four-bar  resolut  ion-mask  response 


Figure  4 


E.  DISCUSSION  OF  RESULTS 


thermal -response  data  as  well  as  the  character' 
several  (actors  that  limited 


Analysis  of  the  1’tSi-array 
istlcs  of  the  measurement  apparatus  t'evi 
sensitivity.  The  key  1 liuitat  ion  w.i-  tied.  lue  il.dewn  which  resulted  in  both 
f lxed— pattern  noise  and  a 10'  loss  in  usahl*  quantum  elf  Iciencv.  We  expect 
to  Improve  the  breakdown  voltage  by  turthci  piocess  ini)'  ri'vemen  t s . Other  fa 
that  could  be  improved  Include  opt  i>  lit  ' ■mi  - sisn,  speed,  and  magn  1 1 it  at  ioi 
From  our  exper iraeutal  data  we  1 ind  that  bel  lei  diode  processing  and  more  et 
ficient  optics  would  result  in  no  f m -*s|u  . \ a I ent  lemperat  ui  es  in  t he  0, 1-0. 1 


range.  Suppression  of  clock  noise  and  Che  use  of  buried-channel  readout  would 

give  further  sensitivity  gains.  Visible  silicon  sensors  have  been  developed 

with  23-pm  cell  size  [20).  Schottky  Vidicon  tubes  operating  between  wavelengths 

of  1.1  and  2 pm  and  having  12-pm-square  sensing  elements  spaced  16  pm  on  center 

have  shown  Nyquist-limited  resolution  and  0.5%  photoresponse  uniformity  [19]. 

These  data  indicate  the  possibility  of  future  Schottky  IR-CCDs  with  cell  sizes 

of  25  pm,  provided  that  the  fraction  of  focal  area  used  for  multiplexing  can  be 

-5  2 

minimized.  Present  devices  have  detector  cells  with  a 2.9x10  -cm  area;  an 
imager  with  25-pm  cell  size  would  have  a fourfold  signal  reduction.  On  the 
other  hand,  reduction  of  the  output-gate  capacitance  and  the  use  of  buried- 
channel  technology  should  lead  to  a background-limited,  rms  noise  level  of 
300  electrons.  The  25-pm-cell  focal  plane  would  have  a noise-equivalent  tem- 
perature of  0.08°C,  provided  the  uniformity  is  improved  to  0.3%  rms. 

Time-delay- integration  (TDI)  operation  relaxes  the  need  for  extreme  uni- 
formity and  opens  the  way  for  the  use  of  higher-efficiency  Schottky-electrode 
materials.  Cohen  et  al.  [21]  have  demonstrated  values  in  the  25%  eV-*  range 
using  60-8  thick  Au  electrodes.  These  data  Indicate  that  a TDI  camera  could 
have  a fourfold  increase  in  responslvity  and  a twofold  increase  in  signal-to- 
noise  ratio. 


20.  G.  A.  Antcliffe  et  al.,  "A  Backside  Illuminated  400x400  Charge-Coupled 
Device  Imager,”  IEEE  Trans.  Electron  Devices  ED-29 (11),  1225-1232 
(Nov.  1976). 

21.  J.  Cohen,  J.  Vilms,  and  R.  J.  Archer,  "Investigation  of  Semiconductor 
Schottky  Barriers  for  Optical  Detection  and  Cathodic  Emission,"  Final 
Report  No.  AFCRL-68-0651,  prepared  for  Air  Force  Cambridge  Research 
Laboratories  under  Contract  No.  F19628-68-C-0090,  Dec.  1968. 


VIII.  CONCLUSIONS 


Infrared-imaging  measurements  on  Schottky-barrler  IR-CCDs  were  presented 
which  showed  excellent  agreement  with  theory  and  demonstrated  that  the  tech- 
nology exists  for  staring-mode,  in-image  sensors  with  excellent  uniformity. 

The  technology  is  standard  silicon  technology.  Cooling  requirements  are  modest, 
as  90K  is  sufficient  and  dissipation  is  minimal.  Staring-mode  operation 
simplifies  the  mechanical  and  optical  design,  suggesting  costs  that  compare 
favorably  with  existing  IR  scanners.  The  sensors  are,  however,  not  limited 
to  staring-mode  operation.  Modification  to  only  the  driving  circuitry  makes 
scanned  operation  with  time  delay  and  integration  possible.  In  either  case, 

the  sensor  is  inherently  immune  to  blooming  and  smear.  Calculations  indicate 

2 

that  with  buried-channel  CCDs  reading  out  1-mil  PtSi  detectors,  thermal  re- 
solution of  0.1K  at  300K  background  can  be  achieved  at  standard  TV-frame  rates. 
The  experimental  data  obtained  on  platinum  sillcide  indicate  that  achievement 
of  the  required  uniformity  of  0.5%  presents  no  fundamental  problem. 
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APPENDIX  A 


THE  BACKGROUND-SUBTRACTION  MODE 

It  has  been  shown  that  the  contrast  in  thermal  scenes  is  low;  300K  scenes 
viewed  with  PtSi  detectors  on  p-Si  have  contrast  on  the  order  of  5%  per  kelvin. 
The  bulk  of  the  signal  is  a fixed  amount  in  each  detector,  but  the  shift  reg- 
ister must  carry  it  all  out  to  read  the  small,  information-containing  part.  It 
is  the  purpose  of  the  background-subtraction  mode  to  remove  a large,  fixed  amount 
of  charge  from  each  detector  before  the  signals  are  loaded  into  the  shift  reg- 
ister. If  the  shift  register  had  only  the  high-contrast,  information-bearing 
signal  to  handle,  its  dynamic  range  would  be  better  utilized.  While  it  has 
been  shown  both  theoretically  and  experimentally  that  for  our  IR-CCDs  the 
shift-register  capacity  was  more  than  sufficient  to  handle  the  thermal  signal, 
it  was  nevertheless  decided  to  use  these  IR-CCDs  to  evaluate  background  sub- 
traction as  a separate  experiment.  The  original  idea  is  Illustrated  in  Fig.  8 
and  was  explained  in  detail  in  Semiannual  Report,  14  January  1974  (AFCRL-TR- 
74-0056).  The  experimental  results  were  discussed  in  Semiannual  Report  No.  3, 

15  May  1975  (AFCRL-TR-7 5-0284) , where  it  was  shown  that  the  background- 
subtraction  method  introduced  severe  nonuniformities.  A major  cause  of  this 
nonuniformity  is  the  variation  in  MOS  pinch-off  voltage.  Uniformity  is  good 
in  the  Vidicon  mode  because  a single  gate  (the  transfer  gate)  is  used  to  charge 
the  detectors  and  simultaneously  to  read  out  the  integrated  signal.  In  the 
background-subtraction  mode,  as  previously  described  and  performed,  two  gates, 
the  charging  gate  and  the  transfer  gate,  perform  these  functions  separately; 
the  difference  between  their  pinch-off  voltages  contributes  to  the  fixed- 
pattern  noise  on  the  video  signal.  To  eliminate  this  source  of  nonuniformity, 
an  Improved  background-subtraction  scheme  was  conceived,  in  which  the  same  gate 
is  used  to  transfer  the  background  charge  and  the  signal  charge  out  of  the 
detector.  The  layout  is  shown  in  Fig.  19.  There,  the  charging  circuit  is 
shown  on  the  side  of  the  shift  register,  opposite  from  the  detectors.  Oper- 
ation of  this  circuit  is  shown  in  Fig.  43.  Once  per  frame,  while  the  phase-1 
gates  are  on,  the  charging  gate  is  pulsed  on,  making  the  surface  under  it  go 
to  V^.  The  transfer  gate  is  pulsed  simultaneously,  establishing  the  charging 
level  by  driving  its  surface  to  V^,.  The  charge  thus  drained  away  can  be  much 
larger  than  the  well  capacity,  since  the  phase-1  gates  are  used  as  transmission 
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Figure  43.  (a)  Cross-sectional  view  of  one-dimensional  IR-CCD  with  new 

background-subtraction  scheme,  (b)  Energy-level  diagram 
aligned  with  (a).  Some  details  were  omitted  for  clarity.  The 
solid  lines  show  the  phase-1  gate  ON,  and  the  transfer  and 
charging  gates  OFF. 

channels,  not  storage  wells.  After  the  integration  time  the  transfer  gate  is 
pulsed  to  a smaller  value,  making  the  surface  under  it  VQ.  The  smaller  signals 
thus  skimmed  are  accumulated  under  the  phase-1  gates  and  clocked  out  in  the 
usual  manner.  It  is  desirable  to  recharge  the  detectors  immediately  after 
skinning  so  that  they  can  Integrate  the  optical  Bignal  while  the  transferred 
scene  is  being  read  out.  Obviously  the  detectors  cannot  be  recharged  while 
the  signal  charges  are  stored  under  the  phase-1  gates,  but  these  charges  can 
be  clocked  to  the  phase-3  wells  for  temporary  safekeeping  while  the  phase-1 
gates  are  used  as  transmission  channels.  This  would  be  impossible  in  a charge- 
coupled  shift  register  having  fewer  than  four  phases. 

This  layout  was  used  for  the  four-phase  line  array  on  the  double-polyslllcon 
chip.  To  operate  this  line  array  In  the  Vldlcon  mode,  it  is  necessary  only  to 
bias  off  the  charging  gate. 
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APPENDIX  B 

CIRCUITRY  FOR  THE  25x50  ARRAY 

The  method  we  chose  for  operating  the  25x50  array  was  described  in 
* Section  VI.  The  complete  circuit  is  shown  in  Fig.  44.  The  master  clock 

in  our  circuit  is  a 555  timer  (U1  in  Fig.  44) , run  as  an  asymmetric  astable 
» timer.  It  provides  horizontal  blanking  pulses,  shown  in  Figs.  22  and  23  as 

being  low  during  blanking.  The  B-to-C  transfer  occurs  during  the  short 
blanking  time  (Fig.  22) . A 74124  start-stop  oscillator  (U10)  runs  during 
the  horizontal-blanking  time  and  drives  flip-flops  Ull  and  U12,  which  decode 
the  four  B-phases.  A 7493  counter  (U15)  counts  the  oscillator  pulses,  and 
blocks  them  after  the  first  four.  The  C-register  runs  during  the  long  "on" 
time  of  horizontal-blanking  pulse,  as  in  Fig.  23.  Another  74S124  start-stop 
oscillator  (U2)  runs  during  this  "on"  time,  driving  flip-flops  U3  and  U4, 
which  decode  the  four  C-phases.  A 16-bit  binary  counter  (U21,  U22,  U23,  and 
U24)  counts  the  number  of  horizontal-blanking  pulses  and  stops  the  B-to-C 
transfers  at  a count  of  50,  with  the  help  of  NAND  gate  U29.  It  continues  to 
count  to  the  selected  value  ranging  from  64  to  32768.  When  this  count  is 
reached,  counter  U25  counts  four  more  horizontal  lines,  providing  the  vertical- 
blanking pulse.  The  transfer  pulse  is  triggered  and  completed  during  this  time, 
as  shown  in  Fig.  45.  It  is  worth  noting  that  the  C-clock  is  not  counted;  it 
is  not  necessary  to  count  it,  as  any  extra  transfers  of  the  C-register  carry 
no  detector  signals  and  are  dark  on  the  display.  Counting  would,  however, 
result  in  noise  pickup  on  the  display. 

The  function  of  each  gate  in  Fig.  44  is  described  in  Table  5.  The  on- 
chip  circuitry  for  the  area  array  and  the  pin  connection  are  shown  in  Fig.  46. 
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Figure  45.  Position  of  the  transfer  pulse  during  the  vertical  blanking  time. 
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Figure  46.  Wiring  diagram  of  TC-1199  area  array.  The  pin  numbers 
are  in  parentheses.  Source-drain  diffusions  are  cross- 
hatched  where  exposed.  The  drawing  is  not  to  scale, 
and  gate  overlaps  are  not  shown. 


TABLE  5 


DETAILED  DESCRIPTION  OF  CIRCUIT  FUNCTIONS 


U3  l 
U4  S 

U5) 
U6  l 

U7  l 

U8  / 


U10 


Ull\ 

U12; 


555  timer  gives  horizontal-blanking  period,  runs  as  an  asymmetric 
astable  timer. 

74S124  start-stop  oscillator,  50%  duty  H-+OFF,  L-»ON,  f = 4 f . 

osc  c 

Decodes  four-phase,  double-clocked  waveform  from  U2. 


MMH0026  pulse  drivers. 


Inverts  waveform  from  U1  to  driver  U3  and  U4  into  state  so  that  during 
the  horizontal-blanking  time  4^-41,  (t>2C^li*  ^3C^L*  ^4C^L* 

74S124  gated  on  during  the  horizontal-blanking  time.  The  first  four 
pulses  are  used  to  produce  the  double-clocked  4<J>  waveform  for  the 
vertical  transfer;  the  remaining  pulses  during  the  blanking  time 
are  not  used. 

7474  decodes  U10  to  make  4$  double-clocked  pulses. 


U13 


U14 


U15 

U16 

U17) 
U18  f 
U191 

u2o; 

U21) 
U22[ 
U2  31 
U24/ 


74S00  takes  gating  signal  from  U15  and,  after  four  pulses  from  U10, 
cuts  off  signal  going  to  Ull,  U12. 

Inverter  needed  because  Ull  and  1112  trigger  on  positive-going  edge, 
while  U15  triggers  on  negative-going  edge. 

7493  counts  four  pulses  from  U10. 

Inverter. 

MMH0026  drivers  for  B-register. 


7493' s count  the  number  of  horizontal  lines.  They  stop  the  B-to-C 
transfers  at  a count  of  50  and  continue  counting  for  the  desired 
integration  period  beyond  the  readout  time. 


U25  7493  counts  four  horizontal  lines  to  make  the  vertical-blanking  time. 

Also  provides  output  Qg  on  count  of  2,  to  trigger  monostable  U35  to 
provide  transfer  pulse  for  transfer  from  the  imaged  area  to  the 
B-register. 

U26\  (Two  inverters.)  Provide  delay  from  U25  Qc  to  U25  ROj.,  RC>2.  This 
U27(  widens  the  reset  pulse  to  be  sure  it  can  reset  the  five  TTL  loads. 

U27  also  inverts  the  reset  pulse  for  PR  on  U28  because  the  7474  re- 
quires a low  level  to  preset. 

U28  7474  used  as  a latch.  At  the  beginning  of  the  field  after  the  transfer 

from  detectors,  U28  is  preset  to  Q high.  This  allows  the  B-to-C 
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TABLE  5.  (Continued) 


U 29 

U30 

U31 

U32 

U33 

U34 

U35 


U36 


U37 

U38) 

U39f 

U40( 

U4l) 

U42) 
U431 
U44 1 
U457 

U46 


U47 

U48 

U49 


U50 


U51 

U52 


transfer  to  be  normally  generated.  After  50  lines  U28  is  cleared, 
and  Q is  low.  This  prevents  the  oscillator  U10  from  running  and 
producing  any  more  B-to-C  transfers. 

7420  provides  the  logic  to  decode  the  count  of  50  to  clear 
latch  U28. 

Inverter  provides  vertical-blanking  signal. 

7400  gates  on  signal  to  U25  at  start  of  vertical-blanking  time. 

Removes  inversion  of  U31.  This  means  U25  counts  the  trailing  edge 
of  the  horizontal-blanking  pulse. 

Inverter,  removes  inversion  of  gate  U34.  This  is  so  that  Ull  PR  and 
U12  PR  receive  low  levels  during  the  horizontal-line  time. 

7400  stops  U10  and  presets  Ull,  U12  after  two  B-to-C  transfers  have 
been  made. 

This  74123  one  shot  is  triggered  on  the  count  of  2 from  U25.  Q of 
U35  provides  inverse  of  transfer  pulse  for  detector  to  B-register 
transfer. 

MMH0026  driver  provides  transfer  pulse' to  transfer  charge  from  detectors 
to  B-register. 

Inverter  provides  horizontal-blanking  pulse. 

Inverters  for  C-clock.  All  +5-V  supplies  are  connected  together  to 
the  fall-time  control.  As  the  voltage  is  reduced,  the  drive  to  U5, 

U6,  U7,  and  U8  is  reduced,  causing  the  fall  time  to  increase. 


As  above,  but  for  B-clock. 


7420  logic  to  make  SI  strobe.  U46  output  goes  low  when  4 fc,  ((13c*  and 
$4C  are  all  high. 

Inverter  to  compensate  for  inversion  of  driver  U48. 

MMH0026  S-l  strobe  driver. 

Inverter  gives  the  reset  gate  an  Inverse  of  SI.  It  also  buffers  the 
reset  logic  from  the  input  of  U48. 

7402  output  goes  low  at  normal  reset  period  or  during  horizontal- 
blanking time. 

MMH0026  reset-gate  driver. 

7474  latch  is  cleared  by  the  horizontal-blanking  pulse  and  then  pre- 
set by  the  first  low  level  cn  ♦jq.  This  provides  a signal  to  keep 
G2  low  during  the  time  a signal  is  contained  under  so  that  charge 
does  not  spill  toward  the  source. 
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TABLE  5.  (Continued) 


1 


. 


(; 


U53  MMH0026  G2  driver. 

U54(  Form  a delay  so  that  G2  stays  low  until  charge  is  transferred  out  of 
U55J  4ic  stage  1. 
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APPENDIX  C 

CIRCUITRY  FOR  THE  FOUR-PHASE,  DOUBLE-POLYSILICON  LINE  ARRAY 

l 

The  complete  circuit  for  operating  the  four-phase  line  array  is  shown  in 
’ Fig.  47.  Gate  I is  a start-stop  oscillator  driving  type-D  flip-flops  E and  F, 

which  are  cross-coupled  to  generate  the  four  double-clocked  waveforms.  These 
i waveforms  are  buffered  by  gates  R and  amplified  by  chips  K and  L.  Auxiliary 

logic  provides  reset  pulses,  transfer  pulses,  and  strobe  pulses  for  the  source 
diffusion.  Timing  for  these  pulse  waveforms  is  similar  to  that  already  shown 
for  the  output  register  of  the  area  array.  selects  between  the  "frame" 
(imaging)  mode  and  the  "word"  (electrical  data  input)  mode.  A binary  counter, 
chips  B,  C,  and  D,  provides  a trigger  for  use  during  electrical  word  testing. 

A 555  timer  chip  ("S")  sets  the  integration  time  in  the  imaging  mode,  and 
triggers  the  transfer  pulse  just  before  start  up  of  the  shift  register. 
determines  whether  the  shift  register  runs  or  stops  during  the  major  fraction 
of  the  integration  time.  selects  between  pulsed  and  continuous  operation 
of  the  transfer  gate.  External  pulse  generators  are  required  for  generation 
of  the  input-pulse  train  for  electrical  testing,  and  for  operation  of  the  im- 
proved background-subtraction  circuit.  The  on-chip  circuitry  and  the  pin 
connections  for  the  line  array  are  shown  in  Fig.  48. 
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Figure  48.  Wiring  of  TC-1199  line  array.  The  pin  numbers 
are  in  parentheaes.  Source-drain  dlffu8ions 
are  crosslatched  where  exposed.  The  drawing  is 
not  to  scale,  and  gate  overlaps  are  not  shown. 


